THE ASTROPHYSICAL JOURNAL 


AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND 
ASTRONOMICAL PHYSICS 


VOLUME 90 OCTOBER 1939 NUMBER 3 


RED INDICES IN SOUTHERN SELECTED AREAS' 
CECILIA PAYNE-GAPOSCHKIN 


ABSTRACT 


The red indices of nearly five thousand stars, in the Selected Areas at —60°, for 
which spectral classifications have been made at Potsdam, furnish material for a dis- 
cussion of spectrum and color in relation to galactic structure. 

The Potsdam system of spectral classification differs appreciably from the Henry 
Draper system. The accidental errors of both systems have been evaluated as functions 
of spectral class and apparent magnitude. The Harvard system does not contain as 
many subdivisions as the accidental error of classification warrants; the Potsdam sys- 
tem, on the other hand, is too finely subdivided. The systematic differences of classifi- 
cation are functions both of apparent and of absolute magnitude. 

Of the twelve Selected Areas studied, six are in galactic latitude greater than 20°, 
where obscuration should, on the average, be negligible. For these six areas, containing 
eleven hundred stars, the colors are normal throughout the spectral sequence. The 
high-latitude areas can therefore be used as standards of normal color for comparison 
with other areas. 

The six low-latitude areas differ in spectral makeup and in degree of obscuration. 
Selected Area 193 (Carina) shows extremely little reddening, and the frequency of blue 
stars is the greatest in this area: the negative density gradients that have been derived 
for blue stars in this part of the sky are partly a result of systematic errors of spectral 
classification. The other five areas, while differing in spectral makeup, show similar 

_color excesses, not very different from those found by other investigators in other 
parts of the sky. 

The principal results of the analysis is the stress that it lays on the importance of 
standardizing both spectral classification and magnitude systems. Otherwise, accurate 
and consistent conclusions on galactic structure cannot be drawn from studies of colors 
and spectra of faint stars. 


1. Introduction—Red indices for 4732 stars, in the twelve Selected 
Areas in declination —60°, have recently been determined by 
' This paper was presented at the Symposium on Galactic and Extragalactic Struc- 
ture, held in connection with the dedication of the McDonald Observatory on May 5-8, 
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Sergei Gaposchkin.*? The present paper is an attempt to analyze 
the material so obtained, to determine what type of conclusion can 
be drawn from it, and to examine and summarize such results as 
may be legitimately derived from it. 

The red indices are determined from the comparison of photo- 
graphic and photo-red magnitudes. The former are directly referred 
to the Harvard Standard Regions,* which, when reduced‘ to the 
‘‘tg22 System,”’ seem to be close to the “International System.’ The 
photographic magnitudes of the stars in the central sequences for 
the southern Selected Areas were determined by Miss Leavitt but 
remained unpublished until they were printed with the photo-red 
magnitudes of the same stars.° When reduced to the 1922 System, 
these magnitudes are believed to be close to the International Sys- 
tem. Recent redeterminations of the photographic magnitudes of 
many of the same stars have been made by S. Gaposchkin in his 
study of standards in the Selected Areas. 

The photo-red magnitudes depend primarily on those recently 
determined’ for standard stars in the twelve Standard Regions at 
+15° and also on the secondary standards for the Selected Areas, 
recently published.° 

The red indices now discussed are all of comparable accuracy ; the 
mean error of one red index, determined from four photographic and 
four red plates, is about.one-tenth of a magnitude. 

The spectra of all the stars for which colors have been measured 
in the present program are contained* in the Potsdam Spektral- 
Durchmusterung for the Selected Areas at —60°. 

It was at first thought that the analysis of the colors would be 
primarily concerned with the magnitude systems. It soon became 
evident, however, that the principal source of difficulty in the 
analysis is the uncertainty of the system of spectral classification, 
which is, unfortunately, not so definitely specifiable as the systems 

?To be published as Harvard Mimeogram, Ser. IV, No. 1. 

3 Harvard Ann., 71, No. 5, 1917. 

4 Shapley and Walker, Harvard Bull., No. 781, 1932. 

5 Greenstein, Harvard Circ., No. 422, 1938. 

6S. Gaposchkin, Harvard Ann., 89, No. 9, 1937. 

7C. Payne-Gaposchkin, Harvard Ann., 89, No. 8, 1937. 


8 Potsdam Pub., 27, No. 2, 1930. 
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of magnitudes and of colors. Accordingly, the present paper will be 
concerned first with the classification of the spectra, although these 
problems were the last to be encountered in the course of the re- 
search. 

2. The Harvard and Potsdam systems of spectral classification — 
Three groups of material are available for a direct comparison of the 
Harvard and Potsdam spectral classifications: stars common to the 
Potsdam Catalogue and the Henry Draper Catalogue;? the Henry 
Draper Charts;"® and the classifications carried out by Miss Cannon 


TABLE 1 


ACCIDENTAL ERROR OF ONE SPECTRAL ESTIMATE, Henry Draper Catalogue* 











Spectrum ]o™ 1om™—y 7m Tpa—, 2m 12™—];3™ 
Bison citrn weld eee tan +£0.38 ( 13) BOL GOE ER Tovar. cistoetes eu aie actos 3 
ae ee oe 0.84 ( 21) 0/87: € -8) | Foszor€ x) £0.35) € 2) 
| US eR a age Oat 0.90 ( 17) 1.50 ( 26) 1.76 ( 20) 0.00 ( 2) 
Gee dia se enee on 0.90 ( 18) 1.99 ( 28) B55- 0-34) 2.20 ( 8) 
Re ere Pere 1.10 ( 30) 1.16 ( 209) 1.47 ( 43) 1.82 (12) 
Nie oe ee +o.c0:€ ay |) -2203.€ 8) | acse-€. 2) see eie to) 

All...........| £0.93 (100) | +£1.47 (100) | +£1.58 (100) +1.74 (25) 














* Mean error, derived from pairs of independent estimates. 


for the Cape Zone Catalogue." The two latter sources of material are 
particularly important, because it is for the fainter stars that definite 
spectral criteria are most difficult to apply, and it is most tempt- 
ing to have recourse (consciously or unconsciously) to other, simpler 
criteria. 

For the Henry Draper Catalogue (where residuals are published 
for spectra that have been twice classified) and for the Potsdam 
Catalogue (where reclassifications have been made and published” 
for some of the Selected Areas at —60°) the internal accidental 
errors can be immediately derived. They have been deduced from 
a limited number of residuals taken at random and are given in 
Tables 1 and 2. The unit is one-tenth of a spectral class. Evidently 

9 Harvard Ann., 90-99, 1918-24 

tA. Cannon, Harvard Ann., 105, No. 1, Charts 1, 2, 7, and 8, 1936. 

't Unpublished spectra, marked by Miss Cannon on charts and kindly put at the 
disposal of the writer. 

12 Potsdam Pub., 28, No. 3, 1938. 
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the precision diminishes for faint stars; at a given apparent magni- 
tude the spectral estimates of the Henry Draper Catalogue have the 
smaller mean errors. The accidental errors indicate that the step 
interval for the Potsdam classification is about half as great as the 
precision of the estimates warrants, while that for the Henry Draper 
classification is a little larger than the precision demands, except for 
the faintest stars. The large mean errors given by Potsdam esti- 
mates for the B stars should be regarded not as errors of estimation 
but as gross errors resulting from classifying the star in the wrong 
category (B for F, or vice versa; see sec. 6). 


TABLE 2 


ACCIDENTAL ERROR OF ONE SPECTRAL ESTIMATE 


BBs sige droning | +2.62 ( 30) £7.60°(. 1) 
tein be 6 ee FRG Shes 0.82 ( 19) 3. 12( 12) 
Be ori ne waxia® 8 caalatenste 1.92 ( 21) 2.50 ( 38) 
ER. gree neds aca 1.86 ( 19) 2.26 ( 42) 
TE ere er ee to.79 ( 11) o.00°6. 7 
Basis Mile eens are | ‘leva-tech el Sets Lope BBA RS atts ORR ea 
| | +1.55 (100) + 2.43 (100) 








* Mean error, derived from pairs of independent estimates. 


A comparison of the classification of a number of stars by Pots- 
dam and Harvard gives the results of Table 3. The calculated mean 
errors are rather larger than would have been anticipated from the 
data of Tables 1 and 2, which indicates that the Harvard and Pots- 
dam observers are (one or both) rather more self-consistent than 
would be expected from comparing their findings. Possibly memory 
may play some part here; or, more probably, image quality, especial- 
ly for the Potsdam reclassifications, which, unlike the Harvard ones, 
were carried out on the same plates as the original classifications. 

There is a definite systematic difference between the two systems 
of classification, as may be seen from Table 4. The materials of 
Table 4 are summarized in Table 5, which gives the adopted correc- 
tions that should be applied, at each spectral and magnitude group, 
to reduce Potsdam classes to the Henry Draper system. The group- 
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ing is by photographic magnitude."’ It is difficult to compare 
measured colors with expectation without some such correction, 
which is appreciable at the eleventh, and serious at the twelfth, 
magnitude. 

An interesting light on the two systems of classification is thrown 
by the comparison made in Table 6, which contains, for four magni- 
tude intervals, the mean errors calculated from the dispersion of the 


TABLE 3 


ACCIDENTAL ERROR OF SPECTRAL CLASSIFICATION 
(DISPERSION OF POTSDAM ON HARVARD) 








Spectrum Jrom 1om—y 72 r1m™—y 2m 12™-7; 3m 
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Potsdam spectra for a given Harvard class and from the dispersion 
of the Harvard spectra for a given Potsdam class. The reason for 
the difference is obvious when the data are plotted: the Potsdam 
classes have a smaller range than the Harvard classes for faint stars. 
To take an extreme example: suppose, at the twelfth magnitude, 
Potsdam assigned exactly the same spectral class to all stars; then 
all the entries in the upper line of ‘Table 6 would be zeros, while the 
entries in the second line would be greater than they are. This ex- 
treme case is not approached, but there is a tendency in that direc- 
tion: for stars of the twelfth magnitude in the group considered, the 
Potsdam classes have a range from Go to K4, while the Harvard 
classes for the same stars range from F2 to Mo. 

In the volumes of the Polsdam S pektral-Durchmusterung that were 


'3 Harvard Mim., Ser. II, No. 3, 1937. 
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TABLE 4 


SYSTEMATIC DIFFERENCE OF SPECTRAL 
CLASSIFICATION (HD—PSD) 
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TABLE 4—Continued 








Spectrum m in m am 7m 
(PSD) ipa 11-12 12-13 
ee Soa nn woe — o.o1 (221) 
| SY Sipe asap fare — 0.43 ( 44) 
| cee ed eine meet GA — 0.96 ( 69)} —1.46 (62) | — 7.40 (24) 
ee eae cae — 0.04 ( 61) 
| 7 rot as — 0.77 ( 39)) 
Bg ite Oo ayers eee: + 0.40 ( 27) 
BGs ce a tires — 0.75 ( 12) 
Bae. gota rome — 2.78 ( 7); = SAO CEO Fab cs nrc wha clersion 
eco ae — 4.67 ( 12) 
| ts Nena —10.0 ( 1) 
ee ee — 1.05 ( 6) +1.5 (4)] —1.0 (1) 














TABLE 5 


ADOPTED SYSTEMATIC CORRECTIONS TO POTSDAM SPECTRA 








Spectrum 
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TABLE 6 


COMPARISON OF DISPERSIONS (MEAN ERROR OF ONE ESTIMATE) 
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first issued'4 a large number of stars were distinguished as giants and 
dwarfs by the letters “‘g”’ and “‘d.”” Although a definite evaluation of 
these absolute-magnitude distinctions will only be possible if, for ex- 
ample, an extensive group of data on proper motions (such as the 


TABLE 7 


SYSTEMATIC DIFFERENCE OF CLASSIFICATION 
DEPENDING ON LUMINOSITY CLASS 
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Cape Zone Catalogue) becomes available for comparison, it is of in- 
terest to examine them from some more general standpoints. ‘There 
is, for instance, a real difference in equivalent Henry Draper class for 
stars designated ‘“‘g” and “‘d” (Tables 6 and 7). The difference for 


14 Potsdam Pub., 27, No. 1, 1929. 
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the d stars is very close to that shown for the stars in general by 
Table 4. The g stars deviate more widely, all those earlier than Ko 
being classified later at Harvard. Perhaps they are partly super- 
giants, which have long been known, from ‘‘measured”’ criteria, to be 
of much earlier spectral class than would be assigned to the spectrum 
from its general appearance. 

The absolute magnitude criteria used by the Potsdam observers 
have been especially studied by Miss Hofileit,’* who has shown from 
Harvard plates that on Becker’s criterion (the strength of the 
cyanogen absorption) the ‘“‘g’”’ and “‘d” designations can be dupli- 
cated for the stars to which he assigns them. She further concludes, 
however, that while his g stars are correctly described, his d stars 
may be either dwarfs or supergiants. The spectral classifications of 
the Potsdam d stars, in fact, differ systematically from the Harvard 
classes in almost exactly the same way as the average of all stars of 
comparable magnitude (cf. Tables 4 and 7). The g stars, however, 
deviate conspicuously, and there is a strong systematic run in the 
difference (g—d) of Table 7 with spectral class. It is to be noted that 
in later catalogues” than those just discussed, the Potsdam observers 
have assigned fewer stars to the g and d classes. 

In examining the systematic difference in classification, depending 
on absolute luminosity, it is necessary to consider not only the 
Potsdam criteria but the stars on whose Henry Draper classes the 
numerical values to be used for the criteria were based. These stars, 
which are analogous to a “‘standard sequence” of magnitudes in 
photometric work, serve to fix the scale of a spectral system. If stars 
of abnormal color are used as standards of magnitude (or are meas- 
ured with normal standards of magnitude), the color equation of the 
magnitude system must be taken into consideration. In considering 
spectral classifications we may introduce the analogous conception 
of a luminosity equation for a system of spectral classification. The 
last column of Table 7, for example, gives the relative luminosity 
equation of the Potsdam spectral system for giants and average 
stars. The standard stars for the spectral classification system used 

's Dorrit Hoffleit, Ap. J. (in press). 


'© Potsdam Pub., 27, No. 2, 1930; 27, No. 3, 1931; 28, No. 1, 1935; 28, No. 2, 1938; 
28, No. 3, 1938. 
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in the Selected Areas at —60° are preponderantly d stars (an average 
mixture of low- and high-luminosity stars), and therefore the fact 
that the d stars of the catalogue are near to the average of all stars, 
in their systematic difference from Harvard (Tables 4 and 7), re- 
ceives a ready explanation. 

The differences in spectral classification that depend on absolute 
magnitude may be shown to be predictable. The Henry Draper 
classification, as cannot be emphasized too often,'’? rests not upon 
measures made upon particular features of the spectrum but upon 
the general appearance of the whole; it is essentially an estimate of 
average ionization. The Potsdam observers, however, while basing 
their system on the Henry Draper classes of a small number of indi- 
vidual stars, made their classification by means of single line ratios." 
Between Fo and Ko they used the ratio of the G band to Hy; for 
classes Ko and later, they used the ratio of 4227 (Car) to the G 
band. Their criteria for early classes (the lines of hydrogen and 
helium) appear to be effective and will not now be especially dis- 
cussed.*? 

All three lines or bands (Hy, the G band, and the line at 4227) 
used at Potsdam for classifying stars in the “‘later’’ part of the spec- 
tral sequence vary with luminosity. Hydrogen lines are stronger in 
giant than in dwarf stars, all along the sequence from class A5 to 
class M.”° The G band.-is stronger in dwarf stars than in giants;”' 
and, moreover, it comes to a maximum earlier in the spectral se- 
quence for giants (G7) than for dwarfs (K2).” Thus, for giant stars 
the ratio G band//y will change but little from class G7 onward, 
while for dwarf stars it will continue to increase as far as K2. We 
have here an explanation for the fact that for giant G5 —K2 stars 


'7 See Payne, Stellar Atmospheres, p. 190, 1925. 

18 See, e.g., Potsdam Pub., 27, No. 1, 1929. 

19 For early-type stars (belonging to the main sequence) there is not so great an 
effect of absolute magnitude, except for the rare stars showing the ‘‘c character.” The 
principal source of systematic error in classes earlier than F5 appears to be the gross 
error of treating B stars as F stars, and vice versa. 

20 Payne, The Stars of High Luminosity, p. 269, 1930. 

2« Swings and Struve, Phys. Rev., 29, 146, 1932. 


2 Russell, Ap. J., 39, 334, 1934- 
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(Potsdam classification) the Henry Draper classes are considerably 
later (see Table 7). 

The third line used at Potsdam for classification is the 4227 line of 
neutral calcium, which is a well-known absolute-magnitude line, 
considerably stronger in the spectra of giants than in those of 
dwarfs.23 Therefore, in a given Potsdam class, the late K giants 
should be classified systematically earlier on the Harvard system, 
the late K dwarfs systematically later. Unfortunately, there are very 
few genuine late K dwarfs as bright as the limits of the spectral 
classification, so that the prediction cannot be tested. The standard 
stars themselves here are probably giants; there are very few stars 
with which to make the comparison, and it is here that the mean 
error of spectral classification is large for both catalogues (Table 1). 

The systematic differences of classification, depending both on 
absolute and apparent magnitude, introduce great difficulties into 
the discussion of the colors of the stars whose spectra are known only 
on the Potsdam system, since the Potsdam classes cannot be dis- 
cussed as though they were the exact equivalent of the Henry 
Draper classes.”*4 It might at first be thought that the systematic 
difference depending on apparent magnitude (Table 1) results from 
the systematic difference depending on absolute magnitude (Table 
7). But the quantitative differences do not substantiate this hope 
(which, if fulfilled, would have greatly facilitated the discussion of 
the material). The difference depending on apparent magnitude is 
greatest for the faint stars of classes G and K—the classes in which 
there is the greatest proportion of dwarf stars. However, the dwarf 
stars show the smallest, not the largest, deviation between Harvard 
and Potsdam spectra. ‘The systematic differences depending on ap- 
parent and on absolute magnitude appear to be distinct and un- 
related. 

The following sections contain an analysis of the colors and 
spectra of the stars in the twelve Selected Areas at —60°, on the 
basis of the conclusions that have been reached in the present sec- 
tion. The results are typical of those that can be derived from color 
and spectrum alone. A later investigation of another group of Se- 

23 Payne, The Stars of High Luminosity, p. 159, 1930. 


24 Payne-Gaposchkin, Harvard Ann., 105, 384, 1930. 
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lected Areas will, it is hoped, show how the analysis can be amplitied 
by the additional knowledge of the proper motions. 

3. Colors of stars in high galactic latitude-—lf the spectra of the 
stars of which the colors are now to be discussed were classified on a 
homogeneous system, and if the normal colors of the stars of the 
various spectral classes were known, it would be possible to proceed 
immediately to a discussion of the color excesses. The systematic 
differences between, and accidental uncertainties in, the spectral 
classes, which have been described in the foregoing sections, render 
the formation of a table of standard colors a dithcult matter. It is 
therefore advisable to test our assumptions as to the relationship be- 


TABLE 8 
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tween spectral class and color, by reference to some stars that can be 
considered as unaffected by selective absorption. 

The six Selected Areas in declination —60° which are in galactic 
latitudes greater than 25° will provide such material. We are justi- 
fied in assuming that the selective obscuration of stars in such high 
galactic latitudes will, on the average, be negligible; and we shall 
assume that their colors are the normal colors of stars of the corre- 
sponding spectral classes. The relevant data concerning the six Se- 
lected Areas in high latitude are given in Table 8. 

The observed colors of stars in the six high-latitude areas are 
summarized in Table 9. Stars brighter photographically than 9"o 
have been excluded. 

There are three steps in the comparison of these colors with expec- 
tation: (a) the determination of the equivalent Harvard spectra 
(since the normal colors are known in terms of Harvard classes) ; 
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(b) the determination of the normal colors, corresponding, at the 
different apparent magnitudes, to these equivalent Harvard spectra; 
(c) the examination of the significance of the resulting color excesses. 
Two subsidiary tables are needed for these steps: the normal colors 
for various Harvard classes (Table 10) and the mean errors of single 


TABLE 9 


AVERAGE RED INDICES IN HIGH GALACTIC LATITUDES 


SPECTRAL CLASS (POTSDAM) 
Limits oF Paotro a es __ _ : = ee 
GRAPHIC MAGNITUDE | | | | | | 
| Bs Bo | Ao Ay| As Ag| Fo-F4 | Fs—Fo | Go-G4} Gs Go| Ko K4) Ks Ko 


gto- g™9 veel 013/008 +o™33|-+-0™60]-+-o™ 46|-+o™77| +1035 +1784) +225 
| (1) | (8) | (7) | (24) | Gy) | (11) | (24) | (15) | (2) 
| | 
| 
10.0-10.9 E ee OS iv 13|\-+0. 37 eas 45 +o 62\+1.09 ba 55|+2 05 
) | (10) | (13) | (42) | (37) | Go) | (66) | (So) | (6) 
I1.O-11.9.... he = _.|+o inte 22/-+0.42/-+0 58|+0.71|/+1.09|+1 47|+2.00 
| | (7) (3) | (50) | (106) | (168) | (100) | (t10) | (2) 
| | 
I2.0-12.0.... biuksvalecales obese rato 64\+0.80/+1.12)+1 26/1 .42 
| | | | (12) | (54) | (102) | G9) | (2s | (3) 
ree, eee ee) Sees) weeee eee eee i ee 
TABLE 10 
ADOPTED NORMAL COLORS FOR HARVARD SPECTRA 
Spectrum Main Sequence Giants Spectrum Main Sequence Giants 
| — OA theses Pres |e 7, ae +043 +o™8o0 
i ae — .14 erraer eae G2. ail 0.71 1.02 
5 ne + 11 Pee ey i: 0.9! | 1.25 
A7 nS © + 21 reg dy aks aN Set K2 es +1.12 1.60 
Bea +0. 31 +o'"53 Bae 25 Sarvs Pena eee weeded +2.16 


spectral estimates, converted (through the material basic to Table 
10) into mean errors of color indices (Tables 11 and 12). 

Step (a) is easily accomplished by means of Table 6. Step (0) is 
more diflicult, and to perform it we need to know not only the normal 
colors of stars of various spectral classes but also the proportion in 
which giant and dwarf stars are represented. There have been but 
few determinations of the colors of giant and dwarf stars separately. 
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The most careful work has shown definitely that color is a well-defined 
function of spectral class and luminosity; the relation has been ac- 
curately evaluated by Morgan’ for Bottlinger’s photoelectric color 
indices, and he has shown that color is a linear function of spectral 
class over a considerable range of spectrum (for dwarfs, giants, and 
supergiants, separately). Our own less accurate but more extensive 


TABLE 11 


ACCIDENTAL ERROR OF ONE SPECTRAL ESTIMATE 
(Henry Draper Catalogue) EXPRESSED IN 








Spectrum Jro™ | 1omM—y 7m | 18-2 | 124-7 3! 
| 

Bos cto Sno plots - +O.02 FOO! Pid ccs wes ovtevon | ses fc ABSA 
DRS selec eae’ bu O4 O4 £0.04 | 0.0 
Bsa 5 ware lank His 2 03 O4 | 00 
G. ee Meneva te O4 10 o8 1 
re fey) fore) 12 | rs 
\ ee .. +o.18 +0. 29 0.62 | FO. 35 








TABLE 12 


ACCIDENTAL MEAN ERROR OF ONE SPECTRAL ESTIMATE (Potsdam S pektral 
Durchmusterung) EXPRESSED IN EQUIVALENT COLOR INDEX 








| 
Spectrum | Jrr™ | i" -iye | Spectrum | Jor ID eee 
| 
Bi cas sail +o0.16 +O. 42 | &.... ve] to.og | to. I! 
ee .| O4 16 | K.. +0.06 +0.07 
F | +0.04 +0 .05 | 
| | 





material on the colors of stars in the system here used*’ permits the 
derivation of similar relationships for the system of photo-red 
magnitudes: 

Dwarfs: Cp, = +0™23 + 4™03 (Sp — Fo), Koto Ks. 
+0.48 + 4.50 (Sp — Fo), Fo to Ko, 
+2 .38 + 2.12 Gp — Ko), KotoM. | 


Giants: Cp, 


The unit is one-tenth of a spectral class; the interval Fo to Go is 
expressed by the number ro. | 


25 W. W. Morgan, Ap. J., 87, 460, 1938. 26 Harvard Ann., 89, Nos. 6 and 7, 1935. 
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The normal colors being known, the relative numbers of giant and 
dwarfs stars are required. These numbers (given in Table 14) have 
been adopted from a consideration of the work of Bok?’ and of 
van Rhijn and Schwassmann.’* 

Lastly, the systematic difference of spectral classification shown 
by Potsdam for giant and dwarf stars, in comparison with Harvard, 
must be taken into account. The determination given in Table 7 
applies directly only to bright stars (magnitudes 9 and 10); in ap- 
plying a similar correction to fainter stars we make the arbitrary 
assumptions that the systematic difference will persist to fainter 


TABLE 13 


ADOPTED SYSTEMATIC CORRECTION FOR POTSDAM 
SPECTRA OF GIANT STARS 


Spectrum 


(PSD) Jaw | wee | wee 
ee rans +7.1 +7.5 +6.0: 
G7 Lecenoeel Reg | HES | =a 

2 dng | eh toe 
K7 “+o sat —9. 1: 


magnitudes and that the so-called ‘‘d stars” will give the same aver- 
age as all the stars, at fainter magnitudes. Thus, we use the last 
column of Table 7 as a differential correction to the equivalent 
Harvard spectra deduced from Table 5, and obtain the equivalent 
Harvard spectra for giant stars, as shown in Table 13. 

The comparison of observed and expected colors is made in 
Table 14. The color excesses, in the last column but one of Table 14, 
furnish a measure of the assumption that the colors of stars in high 
latitude may be treated as normal, for comparison with those in low 
latitude. The mean errors, in the last column, are calculated from the 
dispersion of Harvard spectra on Potsdam (‘Table 6) and the uncer- 
tainty of one measure of color (m.e. = o™10 adopted). They take no 
account of the uncertainty of the luminosity equation, which becomes 
more and more important for the later classes, where giant stars are 
increasingly preponderant. The adopted luminosity equation (see 
Table 13) is greatest at G2, but there are also the fewest giant stars 


27 Harvard Circ., No. 400, 1935. 2 Zs. f. Ap., 10, 161, 1935. 
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at this class. Therefore, all the mean errors are underestimates for 
classes from G2 onward; they are so indicated by the plus (+) sign. 
In class F, no allowance has been made for possible supergiants. 


TABLE 14 


COMPUTED AND OBSERVED COLOR IN HIGH GALACTIC LATITUDES 
| | 
| 
| 




















| : 
| EQUIVALENT Har- | a M 
SPECTRAL| VARD SPECTRUM | PER Com Be oe aries 
<< or |} AVERAGE] Ae OBSERVED | CoLoR | ERRorR 
CLASS pe ie | CENTAGE | PUTED ae | ern | (Estt 
(PSD) | icine "| OF | COLOR ‘ esa cia 
Giant Dwarf | Dw ARPS | | | ———— 
| 
ses . | | 
B7 | B8.2 II 100 Ri —o™13 ( 1)| —o™06/+0"05 
i | | fA2.1 II 100 | +o r2| ~o:-or (18) = 13| 02 
ee _ oy A3.4 | II-12 100 Oe15) 4-02.07 (. Flee <02| O4 
| | | | 
| | | | 
\- | fA6.8 II 100 +0.22] +0.20 ( 20)} — .o2| 02 
ae el Aaa “*} \Ag.6 | 11-12 100 +0.26] +0.22( 3)] — .o4 O4 
| | 
| | 
a Cr F3.3 Ir | 100 +o. 33) to.45 ( 66)} + .12!} 02 
F4.2 | 11-12 | 100 +o.35| to. 42 ( 5°)| + .07 02 
12-13 100 | .| +0.79 ( 12)}. o6 
} | 
F601 11 100 | +o wil +o.45 ( 48)} + .07] 03 
F7 - See F7.4 | 11-12 100 | +0.45! +0.58 (106)} + .13] 02 
| | ..., 12-13 100 | .| +0.64 ( 54)| H 
| | | | 
' | . | | 
| Go.1t: | Fo.9 Il ss | +o.90} +0.65 ( 50) 25] o3+ 
G2. ..5:| 4GOs5:| <Go.3) | 11-22 68 | +0.86) +0.71 (168); — 15) 02+ 
| (G8.0 F8.8 | 12-13 75 | +0.72) +0. 80 (102)} + .08} o4+ 
| | | 
| | | | 
Go.3 G7.2 II 35 +1.27] +1.16 ( go0)| — .11| o3+ 
G7... +G8.4 | G6.3 | 11-12 44 | +1.14! +1.09 (100)| — .05 o4+ 
G3.7 | G1.6 | 12-13 | 40 | +o.80] +1.12 ( 36)} + .23 og+ 
| | 
| | | | 
K2.5 | Ki 7 | m | 615 | 1.57) +1.62 ( 65)} + .05} 034+ 
K2 Kr.2| Ko.4{ 11-12 | 20 —+-1.45| +1.47 (110)| +- .02| 02+ 
Gs.6 G4.6 | 12-13 | 23 | +1.11} +1.26 ( 25)} + 115] og+ 
| | } | | 
K4 I | 5 8} om | 3 | +2.06] +2.10 ( 8) + 04 o4+ 
K7 307.4 5.5 | 11-12 | 6 | +1.75| +2.01 ( 2)} + .26 12+ 
G7.9 | Ko.o | 12-13 | 8 +1.30| +1.42 ( 3)}| +o.12;+0.20+ 
| | | | | 


which would, if present, cause a positive color excess, such as is, per- 
haps, shown at F7 for stars of magnitude 11-12. But supergiants are 
presumably scarce among faint stars in high latitudes. 

There is no indication that the tabulated color excesses are sig- 
nificant. It should be noted that the agreement between observed 
and computed color is almost as good if the spectral classes are 





> 
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uncorrected, except for classes G7, K2, and K7, and there especially 
for the faintest stars. We conclude that the colors of the stars in the 
high galactic latitudes can legitimately be treated as normal for the 
spectral classes and magnitudes concerned. This will facilitate the 


TABLE 15 

















Selected Right Declina- Galactic Galactic Number 
Area Ascension tion Latitude Longitude | of Stars 
- | - - 
IQ] gho2mg — 60° 18’ —= 9 239 | 403 
ROB ose siete oot Q 26.3 60 Oo — 6 248 | 627 
193.. II 26.9 60 6 + I 201 771 
194 12 50.9 60 12 + 3 272 | 561 
195 iA S73 60 4 sae 280 } 600 
RO ao cache ahi eer if 62.5 —59 58 | met! 298 620 
mak | | | ; 
POLES 5: nt at ee eee | ae ane 3588 
} | 








TABLE 16 


COLORS AND SPECTRA IN SELECTED AREA tot (7522™8, — 60°18’) 



































SPECTRAL CLAss (POTSDAM) 
LIMITS OF 
Pc. Mac | 
Bs Bo | Ao A4| As~-Ag| Fo-F4 | F5-Fo | Ge G4 | G5 Gq} Ko K | K5-Ko|Mo-M4 
go 9™9|—0 ans 48|—o.44|/—o 10l-+0 04|}-+o 12|-+0 78|-+0.88)...... 
(1) | (15) ] (5) | (6) | (5) | (5) | (10) | (6) 
10.0-10.9}]. —0.42|/—0. 20/—0.16/—0. 18)/+0. 24/-+0.64/+1.10/+2.00 
(14) (8) | (11) | (10) | (15) (9) | (14) (1) 
11 .O-I1.Q}. —0.30)}—0. 34 +o 13|/+0 14/0 39|+0.78}+1.41/+2. 10}. 
(7) | (4) } (27) | Go) | Go) | (27) | (oe) (7) 
19 O=ES Obes cnc +o. 20 .|+0.02/-+0 30/-+0. 53 +o.88}4+1.05)/+1.28}/+1.16 
(1) (6) i (30) | i (15) | (2)] (2) 











treatment of the low latitudes, since the Potsdam classes can now be 
used without reduction. 

4. Spectra and colors in low galactic latitudes. 
lected Areas, in declination —60°, that have galactic latitudes less 


There are six Se- 


than 20°. They are enumerated in Table 15. 
The observed colors in the six low-latitude areas are given in 


Tables 16-21. 
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TABLE 17 





LIMITS OF 






































































































































Pc. Mac | : | ; tee ; ‘ = yi 
ney : Bo Bs Ao AS Fo F5 Go Gs Ko | Ks5- | Mo 
By | Bo | Ay | Ao | Fa | Fo | Gg | Go | Ka | Ko | Mg 
pe i | | | “| a \ : | 
Qg™o- g™Qg j}—-0.52] 0.00/+0 20/ 0. 58 +0.59|/+1.11/+0 80] +1 45|+1.56} | 
(1) (22) | (19) vay (4) | @) al oY alt | 
I0.0-10.9 +0.26]}—0.12] 0.00]/+0.46]/+0.53]+0.78)+1.07]/+1.51|+2.00] +2. 40] 
(1) (26) 45) ee ae (7) ae ae (16) | (x) | 
| 
Et.0-f1.9 —0.25!+0.12}/+0.06/+0 32)}+0.31) 40.54 +o 64) +1.44] +1.82]+2 17, +2. 43 
(1) (4) (79) (28) (36) (17) (27) (19) CHER TCS) (2) 
| 
i2::0-12:0 +0. 37] +0. 30] +0. 47] +0. 66] +0.98] +1.33}/+1.53 2.07/+1.86 
| (13) (11) (36) (32) (29) (11) (34) | (4) | (2) 
| Missal sd a | 
TABLE 18 
COLORS AND SPECTRA IN SELECTED AREA 193 (11°26™9, —60°6’) 
SPECTRAL CLAss (PotTspAM) 
LIMITS OF et ————— 
Gc. Mac. . ° ‘ : ; : | 
Pc Lac Bo Bs- Ao- As- Fo- F5 Go Gs Ko K5 Mo 
By Bo A4 Ag F4 Fo G4 | Go K4 Ko | M4 
” F . by 2 7 7 | | | } | 
g™o- 9g™Qg —o. 18] —0. 30] —0.14/+0.17}-+1.08] +0.71}+1.35|/+2 53| |+2.61 2.709 
(10) | (20) | (16) (1) (1) (1) a (1) | (1) | (1) 
10.0-10.9 1-0. 20] —0. 20] —0.. 25) TO 09} +0.05| +0. 31] +0. 63) +1.63| +1. 66 | 
| (15 (42) (63) (7) (17) (4) (2) | (11) (4) | | 
| 
| | 
II O-II.9 | —0. 42] —0. 38] —0. 33] —o 32) —0.11/ +0. 13) +0. 64) +1.25)+1.55 2.00 
\ iGhE) (45) (89) (43) (60) (11) (15) | (12) (19) | (2) 
| 
12.0-12.9 |. 29| —O. 28] —o. 26] —o. 20] —0. 13} +0.05] +0. 25| +0. 26) +1 74| 2.05/42 58 
(4) (4) (23) (48) (78) (42) (15) (12) (16) | (3) | (1) 
TABLE 19a 
COLORS AND SPECTRA IN SELECTED AREA 194 (12"56™7, —60°12’) 
SPECTRAL CLAss (POTSDAM) 
LIMITS OF | es 
Ve . 
Po. Mac. Bo Bs- Ao- AS Fo- Fs Go G5 Ko | K5 Mo 
B4 Bo A4 Ag F4 Fo G4 Go K4 Ko M4 
g™o- 9g™9 +0.17|—0.10}+0.04!+0 so|-to 20|-+o 70|+0.42|/+1 03|+2 02} +2.63 2.21 
(19) (23) (29) (3) (5) (2) (3) (2) (3) (1) (1) 
I0.0-10.9 —0O. 10] —0. 22] —0. 16} —0.04/+0. 28|+0.50}+0.32}/+1.51 +1. 78} 
(10) (23) (42) (13) (14) (4) (1) (6) (8) | 
II.O-I1.9 +0.18]+0.02]+0.13] +0. 20} +0. 30] +0. 32} +0. 76] +1.46|/+1.66)+2.41]/+2.57 
(2) (9) | (47) | (34) | (61) | (31) | (18) | (10) | (10) (3) (1) 
I2.0-12.9 +0. 39| +0. 78} +0. 54] +0. 54] +1.34|/+0.98}+2.06 
(3) (10) (16) (17) (9) (6) (1) 
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A comparison with the normal colors for the Potsdam classes 
(Table g) leads to the average color excesses, which are summarized, 
in groups of equal apparent magnitude, for each Selected Area, in 


TABLE 196 


COLORS AND SPECTRA IN SELECTED AREA 104 4 (STARS WI WITHIN COAL SACK) 








SPECTRAL CLAss (PoTSDAM) 
LIMITS OF 
Pc. Mac. | 
Bo-B4 | Bs5—-Bg | Ao—-A4 | As Ag | Fo-F4 | F5-Fo | Go-G4| G5—Go} Ko-K4 
g™o-— g%........ +0 .94 +0.53 +o.61}/+0.41} Ito 4! +0.55 oy | ere +0.75 
(4) (3) (4) (1) (1) (1) (1) (1) 
[0:.O-TO. Osa. sos +0.10 +0. 38)/—0.12/-+0.42|/-+0.37/-+1.52 +0.47 ise 5 cal pareene 
@i @itdi@) @ I @iw 
ft Og ¢ i) arene +0 .06 ee +0. 26|+0.86}+0. 57 +0.58 +o0.94/+2.18}+2.56 
(1) (3) (1) 7) (2) (2) | (2) (2) 
BS ORI Oso. 05 Reeleese cslee eee o ee ee oe ee +o.59/+1.56/+2.40 
(1) I (2) | (2) 



































TABLE 20 


COLORS AND SPECTRA IN SELECTED AREA 1095 (14°57™3, —60°4’) 









































SPECTRAL CLAss (POTSDAM) 
PAESORY FO 
Pc. Mac. | | 
Bo-B4 | Bs—Bg | Ao—Aq4 | As5 Ag | Fo-F4 | F5-Fo | Go-G4 | Gs-Go | Ko—K4 ial Ko 
g™o— g™g |-+o sae BG ace | Ceara be 83}+0 74 bern +1.32 ie 12 re 64 
(1) | (15) | (26) (10) | (3) (s)| @] @) 
10.6-10-0.}....::. +o0.24/-+o 29|+0.74 +0 .62/+0.64/+0.89/+1.44 +2.11/-+2.72 
(9) | (58) } (9) | (4) |} Go) | (o) | (3) } Go} @) 
BESO PE Gil. vs be eens +0. 23)+0.48/+0.48/+0.57 +0.83)-+1.35/+1.93|/+2.54 
(32) | (15) | (60) | (20) } (42) | (15) | Go) | (7) 
CFC OPES OE ss cles oes +o.20/+0 46) te 64|-+0.67|-+0.84/+1. 22! 3; +0.85 
(1) | (2 ) | (29) | (31) | (55) | (10) 4 (23) |G) 











Table 22. The last column gives an idea of the average ‘“‘reddening”’ 
of the whole area. Selected Areas ig2 and 195 seem to be redder than 
the average. Selected Area 191 looks as though it were significantly 
bluer. For this area, however, Becker states that his spectrum plate 
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was out of focus, and it is possible that the spectral classifications 
were systematically affected. 

The last line of Table 22 shows a progression of color excess with 


apparent magnitude, which might at first be attributed to an error in 


TABLE 21 
































LIMITS OF aa a aati: < Tact 
Pc. MAG. : . : : ; 
Bo Bs Ao As Fo Fs Go G5 Ko K5 Mo 
B4 Bo A4 Ag 4 Fo G4 Go Ky Kg | M4 
| 
g™o- g™Q —o.11]/+0.04]+0. 42] +0. 88] +0.76}+1.06]/+1.53 +1.67|+2 10} 
(8) (21) (9) (7) (2) (1) (8) (4) | (1) | 
10.0-10.9 —o.09| —0.12]+0.07}+0.17/ +0. 24] +0. 48] +0. 90] +1. 36] +2.05]+2.50 
(4) (406) (19) (23) (11) (13) (34) (32) | (6) | (2) 
; | 
II .O-II.9 -0. 10} +0. 06] +0. 26/-+0.34|-+0.52)+0. 86|+1 12}-+1.33|/+1.62 
| (22) | (18) | (4s) | (58) | (49) | (48) | (60) | (s) (3) 
} 
I12.0-12.9 +O.15]+-0 26| +0.77| +0. 69] +0.82 +1 .0g}-+1.16/+1.49}/+1.88 
| (1) (2) | (8) 8) | (14) (9) saad (4) | (1) 
| 




















TABLE 22 


COLOR EXCESS AND APPARENT MAGNITUDE IN LOW LATITUDES 























Selected al ; All 
g" ' 10™ 9-10" rr™o-5 2" 7270-327 ‘ 
Area ‘ li ” 9 , Magnitudes 
BOT waa \s sree and —o'69 —=— 943 = 40 —0o"34 —o™44 
re + .14 + .32 + .12 + .17 - 19 
ee + .18 — .02 — .23 — .30 — (09g 
CY ee + .o1 — .Oo1 + .07 + .17 + .06 
Cee + .29 + .39 + .22 = ,00 + .21 
DOE 5s iredorard +0.10 =0..14 —o.28 0.00 —0.08 
: | 
Mean 0.00 +o0.02 —0.07 —0.09 . 


| 
| 





the magnitudes (either blue or red). The same data are assembled in 
a different manner in Table 23, and it is seen that the reason cannot 
lie in the magnitude scales, since half the table shows color excesses 
affected in one way, half affected in the other way. 

The bluening efiect shown by the first half of Table 23 with in- 
creasing apparent magnitude is almost certainly a result of the inclu- 
sion of some B stars among the faint stars of class F. The slight 
reddening effect shown by faint stars in the lower half of the table is 
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probably produced by a greater number of low-latitude giant and 
supergiant stars in the spectral classes concerned, as compared with 
the high galactic latitudes where the normal colors were determined. 
The means in the last line of the table resemble those of the last line 
of Table 22, but it is now clear that they are the resultant of two 
oppositely directed tendencies and therefore cannot be ascribed to 
errors of magnitude scale. 
TABLE 23 


COLOR EXCESS, GROUPED BY SPECTRUM AND 


Spectrum zs 7 ; : = e sc 
(PSD) gvo-g"'9 Io; O-Io'r*9 EITo-ri7o Iz O-I2"0 
||) ae a —o"05 Re yeaah ie RR al Finn Re 
PES 2 aise Mts + 08 —o'16 OIE A ss antec 
PEs ccna eel ns — .07 + .04 15 eer Ce 
| eee — .02 — 14 .19 —o"41 
oe a ere ee Rarer +o0.22 —0.07 —0.21 —o.16 
Mean... +o0.06 —o.08 —0o.19 —o.28 
ks2.. ee Se —0.02 —0.02 —o.08 —0O.0O1 
G7. err, + (og + 18 + .10 + 16 
| CS eee heehee ie — .19 + 12 + (10 + 2 
| PCS +0. 24 +0.27 +0.13 +0.13 
Mean... +0.03 +o.14 +o.06 +0.13 
Mean of 
all +0.02 +0.03 —o.06 —o0.08 

















From Tables 22 and 23 it may be concluded that a comparison of 
colors in high and low latitudes for the same Potsdam classes does 
not lead to a clear picture concerning the color excesses. There are 
three reasons for this disappointing result: the stars of earliest spec- 
tral class, which (because of high luminosity and therefore great 
distance) should show the largest color excesses, are not represented 
in the high-latitude areas, and therefore no standards of comparison 
are available; the stars of spectral class B7-F7 are affected, in the 
low latitudes (but not in the high latitudes) by the error of confusing 
F and B stars, so that the normal colors cannot be legitimately com- 
pared; and for stars of later spectral class we cannot tell how the 
relative numbers of giant and dwarf stars, adopted for high latitudes, 
should be modified to be appropriate to low latitudes. 
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It therefore becomes necessary to make use of the reductions of 
Potsdam to Henry Draper classes, in order to utilize the high- 
luminosity stars of early type in estimating the color excesses. The 
relevant comparisons are made in Table 24. 


TABLE 24 


COLOR EXCESS AND DISTANCE MODULUS FOR EARLY-TYPE STARS 

















SPECTRUM — Cotor ExcessEs IN SELECTED AREAS Dis-  ABso 
MAL TANCE LUTE 
CoLor Moot Po. 
PSD HD IQI 192 103 104 195 196 LUS Mac 
B2— 
o™o— 9™..| B4™5 |—0.28...... —0.24+0.10+0.41+0.43...... 13.0 |—3.52 
POPOFIO CO bale ois.5.<:daemvs ly us aed — .S4I—. OU 18). 6. eeccliee oe BARON reais 
ae =e Op ay a ee eer + .O3— .14-- .46......|...... Oo eran 
REO SE Re ie, 5 cvanas SMiad euse ahead wees res Ca | | Rt Pema (ae Es BOGE Iasi e7s 0c 
B7— 
9.0- 9.9..| B8.2 |— .07—0.87+ .07— .23— .03 .42—-0.04' 10.7 —1.18 
POLO SIOUOs lo xcrucrutsarctiaule«warex — .O5— .I9iK— .15 31 roy aly 5 ae a ees 
DE OST 850s ln scale atrasiels atidind Se ON ST LOO as ars ci cdatdis ca Or 2 eon 
PI OSIRIS acs cscs navaales sa delwoentins oe | PU | A 8) Pace a ra ES Se otal 
A2— 
9.0- 9.9.. A2.1 + .12— .60+ .o8— .26— .08 23 .08 8.8 +0.72 
10.0-10.9..|A2.1 |-- .12— .§4/— .12)\— .37\— -28 E7 24, 9.8 |+0.72 
Ir.0-11.9..|/A3.4 J+ .15— .45— .0g— .48— .02 08 25 10.9 +1.05 
12.0-12.9..,A5: (+0.18+0.02-+0.19 —0.44-+0.21 +0.02 —0.03 11.9 |+2.0: 





TABLE 25 


COLOR EXCESS AND DISTANCE MODULUS 














9g™o rI™0 Tg%0 I5™o 16™0o 
ee Ci ee —o™32 —o™34 —o718 —o™o8 —o"™ol 
All others. ... — .14 — .02 + .16 HsOesOs | Pancha irervauce 
Coal Sack... . +0..2 +0.39 MEORE bigs ala ce cewmelie eens eee 

















In all the studies of these Selected Areas it is clear that Selected 
Area 193 stands a little apart from the rest. The color excesses have 
been grouped according to modulus in Table 25, the values for 
Selected Area 193 being kept separate from the others. 
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The value of the absorption coefficient will be discussed after the 
frequency of colors has been used to derive a similar quantity. At 
present it will suffice to point out that the color excess increases with 
decreasing brightness in all three lines of Table 25. The Coal Sack 
gives the greatest reddening; Selected Area 193, the least. 

The absolute values of the color excesses indicate that the whole 
system of assumed colors (Table 10) is probably too red for the 
present system of photo-red colors. These adopted colors have the 
same zero point as the Harvard photovisual system of colors, which, 
based as it is on the assumption that the average Ao star has a color 
index zero, is not consistent with the zero point of the colors at the 
North Pole, on which the photo-red magnitudes are based. The aver- 
age color deficiency, —o0.17, given by all the regions (Coal Sack ex- 
cluded) is not far from the correction that must be applied to reduce 
the zero point of the North Polar Sequence to the adopted zero point 
of the Harvard Standard Regions (—o0.14 X 1.15 = —o.16). 

5. Frequency of colors.—-The difficulties and uncertainties involved 
in the study of the relationship between color and spectral class sug- 
gests that it may be profitable to study the colors by themselves. 
Although the classifications given in the Potsdam catalogue are not 
quite complete to any given magnitude limit (most of the bright 
stars being omitted, and also many faint ones, especially in crowded 
regions”’), there is little reason to suppose that the incompleteness 
will affect conclusions that may be drawn from the relative frequency 
of the colors of the classified stars (these alone having been measured 
in the photometric program). Conclusions as to the frequency of 
colors per unit area of sky should, however, be drawn with caution. 

0 Becker has published reclassifications of stars in the Selected Areas at —60°. The 
second classification has been carried out on the same plates as the first, but only for a 
limited central area. A comparison of old and new classifications shows that on each 
occasion some stars have been omitted that were included in the other. The number of 
stars per square degree, given by Becker in the two catalogues that contain his first 
and second classification, refer only to the stars that have been classified on that oc- 
casion; the total number classified will be found to be greater than either and can be 
found only by identifying the stars common to the two classifications. In fact, for one 
area the number of stars per square degree given in the second catalogue is smaller 
than in the first. However, in an earlier discussion Becker considers that in S.A. 193 
and 194 his classifications are complete down to 115 (Zs. f. Ap., 6, 199, 1933). Further 
examination of his data makes this assumption appear to be doubtful. 
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The relative frequency of colors in each of the six low-latitude 
areas and in the sum of the six high-latitude areas is shown in Figure 
1 for four intervals of apparent photographic magnitude. The prin- 
cipal features of the diagram are: 

a) The six high-latitude areas all show a maximum frequency at 
about +06, which does not change appreciably with apparent 
magnitude. 

b) The two low-latitude areas (S.A. 193 and 194) that lie north of 
the galactic plane show frequency distributions that are much alike, 
with a preponderance of stars at the blue end of the frequency dis- 
tribution and scarcely any stars of moderate or large color index.*° 
For Selected Area 193 there is little change of maximum frequency 
(—o.40) with magnitude; but Selected Area 194, which is in a region 
of recognized nebulosity, containing the “‘Coal Sack’’ (separately 
plotted in the figure), shows a shift of maximum frequency toward 
the red for fainter magnitudes. 

c) The four other low-latitude areas (S.A. 191, 192, 195, and 196) 
show likewise a maximum frequency toward blue colors, shifted 
slightly toward the red for fainter magnitudes. Furthermore, all 
show a considerable number of stars of moderate and red color, which 
produce, in Selected Area 196, a pronounced secondary maximum in 
the frequency distribution. It should be noted that actual numbers 
of stars are plotted in Figure 1, so that the deficiency of red stars in 
Selected Areas 193 and 194 is a real and striking phenomenon. 

6. Frequency of spectra._-The study of the frequency of spectra in 
the selected areas, for various intervals of magnitude, forms an in- 
structive parallel to the frequency of the colors. Such studies have 
already been published by Becker*' for two of the regions now 
studied, and by Becker and Briick*s for other regions in the Pots- 
dam Selected Area survey. In his discussion of Selected Areas 193 
and 194 Becker obtained results that are of great importance in the 
problem of galactic structure, especially in their bearing on the 
possible existence of negative density gradients in the direction of 
Carina* (S.A. 193). Our results do not lead to exact agreement with 
his, and therefore they will be analyzed in somewhat greater detail. 

3° Cf. Wilkens, A.N., 266, 349, 1938. 32 Zs. f. Ap., 5, 274, 1932. 

31 Op. cit., p. 198. 33 Zs. f. Ap., 13, 266, 1937. 

34 Bok, The Distribution of the Stars in Space, pp. 107 and 109, 1937. 
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The data for the six high-latitude areas indicate no appreciable 
change in the frequency distribution of the colors with apparent 
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magnitude. Therefore, all the diagrams for different intervals of ap- 
parent magnitude in high latitudes were combined to form the fre- 
quency-distribution diagram of colors for high latitudes. In addition 
to the observed frequency of colors, the frequency of colors deduced 
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from the observed frequency of the spectra of the same stars was 
also plotted. In order to obtain comparable frequency plots from 
colors and spectra, the relative numbers of stars in successive spec- 
tral groups were multiplied by the reciprocals of the intervals of color 
index covered by the corresponding spectral classes. The areas under 
the resulting curves were arbitrarily adjusted so as to be equal to the 
areas under the curves for frequency of colors. The correspondence 
between the two frequency distributions was rather close. In other 
words, in high galactic latitudes the frequency of colors is exactly 
what would be expected from the observed frequency of spectra. 

This is not, however, the case in Selected Area 193. The frequency 
of colors is approximately the same for all apparent magnitudes 
there is a small shift of maximum frequency with apparent bright- 
ness, to be discussed later. The three frequency-curves have been 
combined to give the frequency of colors; the great number of blue 
stars and the almost complete absence of red ones are very striking. 

The colors, deduced from the observed spectral frequencies of the 
same stars do not, however, duplicate the color-frequency curve; on 
the contrary, they are redder, on the average, by more than half a 
magnitude. Not only is the high maximum of color frequency, com- 
posed of the very blue stars, unrepresented in the spectral frequency, 
but there is also a maximum of spectral frequency with no maximum 
of color frequency to correspond to it. These improbabilities would 
be removed if it were to be assumed that the fainter stars, responsible 
for the second maximum of the color-curve predicted from the spec- 
tral frequency (classified as late A and early F stars), are actually 
B stars. The color-curve deduced from the spectral frequencies on 
this assumption approaches the observed color-curve in shape. We 
may regard it as evidence that many, if not most, of the faint stars 
classified A and (especially) F by Becker should really be of class B, 
at least in Selected Area 193.°5 

The difficulty of distinguishing faint F stars from faint B stars is 
well known. A direct comparison between the classifications made 
by Becker and by Miss Cannon for faint stars in low galactic lati- 
tudes has furnished a large number of examples where a star is placed 
by the two investigators in different categories. A similar difficulty 


35 Payne-Gaposchkin, Harvard Ann., 105, 393, 1936. 
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is pointed out by Humason*’ in connection with the classification of 
faint spectra*’ in Selected Area 98; he had originally placed in class B 
a number of stars which he later reclassified as F stars. The differ- 
ence was discovered as a result of comparing the Mount Wilson and 
the Bergedorf:* classifications of the same stars. 

That the F and G stars should preponderate at the eleventh mag- 
nitude in Carina is not consistent with other data concerning the 
distribution of such stars. The apparently brighter F stars (7™ — 
825, and also all such stars brighter than 8™25), in all galactic lon- 
gitudes taken together, show little, if any, change in actual numbers 
per square degree with galactic latitude.*? Their relative frequency 
is, if anything, less at low than at high latitudes.*° Additional evi- 
dence is furnished by Miss Cannon’s summary“ of the frequency of 
spectral types as a function of right ascension (and therefore of 
galactic latitude) for the stars in the Gesellschaft Zone from + 50° to 
+60°. The stars classified for this zone are complete to the ninth 
magnitude and include many stars down to 9™5. Table 26 sum- 
marizes the percentages of stars in the main spectral groups at 
various galactic latitudes; the data are derived directly from the 
tables in Miss Cannon’s paper, just cited, by plotting against galactic 
latitude and interpolating. The relative frequency of F stars is seen 
to be practically constant. It is noteworthy that the percentage of 
B stars shown in Table 26 is greater for northern than for southern 
galactic latitudes, as was found also (for the opposite side of the sky) 
for the Selected Areas at —60°. We have here an additional effect of 
the northerly position of the sun relative to the galactic plane. 

The last line of Table 26 shows, for comparison, the percentage 
frequency of spectra in the six high-latitude areas at —60°. Although 
the magnitude limit (about 12) is much fainter than for the Ge- 
sellschaft Zone spectra, there is no motion of the maximum of 
spectra frequency to later spectral classes, as Becker’s work” led him 

36 Mt. W. Contr., No. 560, 1935. 

37 Tbid., No. 458, p. 35, 1932. 

38 Tbid., No. 560, p. 4, 1936. 

39 Shapley and Cannon, Harvard Rept., No. 6, Figs. 3a and 30, 1924. 

49 Thid., Fig. 5, 1924. 

4" Harvard Bull., No. 862, 1928. # Zs. f. Ap., 6, 198, 1933. 
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to expect there would be. His spectral counts give a maximum at 
class G (which, according to Table 4, corresponds to a rather earlier 
Draper class), so that the shift of maximum is toward earlier, rather 
than later, spectral classes.*3 In the foregoing comparison it must 
not be forgotten that Miss Cannon’s spectra are in declination +60’, 
so that her low-latitude regions are in galactic longitude 60°, and the 
two spectral frequencies now compared relate to different galactic 


TABLE 26 


PERCENTAGE OF SPECTRA IN VARIOUS GALACTIC LATITUDES 
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quadrants, where important differences may be found. For example, 
the lack of G and K stars indicated in Carina is not evident in Table 
26, where even in the lowest latitudes, about a quarter of the 
classified stars are of class K. 

If our conclusions, based on the frequency of color and spectrum 
in Selected Area 193, are correct, it is easy to see how Becker derived 
a negative density gradient for the blue stars. In his diagram of den- 
sity-distribution with distance,*4 we see the fall of the B8-A2 stars 
taking place just where the A5~Gs5 stars begin to increase. If the 
colors are to be trusted, many of these latter stars are actually B 
stars, and the negative density gradient may, therefore, not be real, 
especially if absorption is operating, as indicated by our results. 

43 Part of the difference may result from the unexplained fact that Miss Cannon has 
a fainter limit, apparently, for second-type stars, and Becker for blue stars. 


44Zs. f. Ap., 6, 199, 1933. 
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The maximum of the frequency of colors for each Selected Area 
and its displacement with apparent magnitude may be used to de- 
rive a table of color excesses similar to that derived from a compari- 
son of spectrum and color. Such a table is given in Table 27. 

The data of Tables 24 and 27 provide two different sources for 
determining the obscuration per kiloparsec in the six low-latitude 
areas. The zero point of color excesses in Table 24 has been deter- 
mined by the spectral discussions of section 1 of the present paper. 


TABLE 27 


MAXIMUM FREQUENCY OF COLOR AND APPARENT MAGNITUDE 
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The color excesses of Table 27, on the other hand, are relative. Their 
zero point has been adjusted, by using the data for the material com- 
mon to Tables 24 and 27, to the zero point of Table 24. 
The absorption per kiloparsec is calculated by means of the 
formula 
M=m-+5-— 5logd — 3E, 


where M and m are the absolute and apparent magnitudes, d the 
distance, and E the color excess. The adopted values for M, cor- 
responding to the various spectral classes (see Table 24), are taken 
from a recent compilation by S. Gaposchkin.*> The results are given 
in Table 28. 

The results given in Table 28 are clearly very sensitive to the 
adopted absolute magnitudes. The absolute magnitudes on which 
the table is based are those given in Table 24; they are near to the 
values presented by Stebbins*° in his discussion of a similar group of 
material. 

45 Uu published. 


4¢ Paper presented at the dedication of the McDonald Observatory, May, 1939. 
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To show the effect of adopting a different scale of absolute mag- 
nitudes, the obscurations have been recomputed with absolute mag- 
nitudes — 2.5 and —1.2 for classes B2 and B7, respectively, the other 


TABLE 28 


OBSCURATION IN LOW-LATITUDE AREAS AT —60° 
(MAGNITUDES PER KILOPARSEC) 
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absolute magnitudes remaining unchanged. Two effects are pro- 
duced: the change of obscuration with distance is made smaller, and 
the total obscurations are diminished. The results are summarized 
in Table 29. 

It can, therefore, be definitely stated that appreciable reddening 
and obscuration are present in all areas, though for Selected Area 193 
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they are very small. The actual amount of obscuration depends in- 
timately on the absolute magnitudes and must at present be left 
uncertain. 

There is one effect that has not been taken into account in deduc- 
ing the results given in Tables 28 and 29. It has been assumed that 
the real maximum frequency of color is the same, in each Selected 
Area, without regard to magnitude (at least over the range of mag- 
nitudes now considered). Actually, there is a small but definite 
change of average spectrum with distance from the galactic plane. 
This is shown by the amount of the systematic correction that is 
required (see previous paragraphs) to reduce the color excesses de- 
rived from maxima of color frequency to the same zero point as those 
derived from the spectral classes and colors; it is greatest (+0™27) at 
low latitudes, falling to zero at latitude —19°. In other words, in the 
higher latitudes the bluer stars are really of slightly later spectral 
class, and so are the fainter stars in a given Selected Area (being 
more distant from the galactic plane than the brighter ones). The 
actual numbers of B2, B7, and A2 stars classified at different magni- 
tudes show the same effect, the B7 and A2 stars predominating, re- 
spectively, at the eleventh and twelfth apparent magnitudes. The 
effect just described, if uncorrected, will cause the calculated ab- 
sorptions to be rather too great for faint apparent magnitudes, and, 
therefore, for large distances. The obscurations at modulus 16.5 are, 
however, of small weight; and probably the mean absorptions are not 
much affected. 
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PROPER MOTIONS AND MEAN ABSOLUTE 
MAGNITUDES OF CLASS N STARS* 


RALPH E. WILSON 


ABSTRACT 

The investigation is based upon the proper motions of 106 stars and upon the radial 
velocities of 145 stars. The mean parallax of the proper-motion stars obtained from the 
parallactic and peculiar motions is 7 = 0700166 + 16. The mean absolute magnitude 
computed from this parallax agrees well with that derived by Sanford from the galactic 
rotation factor. The data are satisfactorily represented by Plaskett’s value of the ro- 
tational constant, A = 15.5 km/sec kpc, and by an effective galactic absorption of 
visual light, a = 0.2 mag/kpc. The mean absolute magnitude of the stars is found to 
be M = —1.84 + 0.20. 

When the data are divided into groups according to spectral subtypes and_char- 
acter of light-variation, there appears to be comparatively little deviation in M from 
that given by all the data, except in the case of the emission stars, which appear to be 
about 2.5 mag. brighter than the stars in the other groups. 

The first attempts to estimate the mean absolute magnitude of 
the class N stars were based upon Norlund’s proper motions’ of 
stars supposedly of Secchi’s type IV. In addition to the inherent 
weakness of these proper motions, owing to the lack of positional 
data, the list contained many stars which have since been found to 
belong to spectral classes other than N. Thus Kapteyn’s first value, 
M = —2.6, published in 1g10,? was based upon 120 proper motions 
and his revised value in 1920,3 M = —1.5, upon 175; both values 
being derived from a comparison of the mean parallactic motion with 
the solar speed derived from stars of all types. Since with all the 
positional data added since 1g1o through the stimulus of Noérlund’s 
work we are even now able to collect fairly reliable proper motions 
for only 106 of these stars, it must be obvious that Kapteyn’s esti- 
mates refer to a mixture of stars of late types rather than to class 
N alone. The estimate of Luplau-Janssen and Haarh,? M = ~—1.3, 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 615. 

1 A.N., 189, 19, IQII. 

2 Ap. J., 32, 91, IQI0. 

3 Gron. Pub., No. 30, 1920. 4A.N., 214, 388, 1921. 
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is subject to the same criticism, though to a lesser degree, since 
they used but 78, presumably the better, of Norlund’s motions and 
made some attempt to differentiate between stars of classes N and R. 

The first estimate of mean absolute magnitude based on purely 
N-type stars, M = —1.5, was made by Moore’ in 1922 and de- 
pended upon but 25 radial velocities and 19 proper motions. In 1923 
Wilson® published proper motions of 92 of these stars and, using 
Moore’s solar speed, 17.1 km/sec, found M = —1.4. The agree- 
ment between the four values derived in the period 1920-1923 ap- 
peared to be quite satisfactory. 

In 1935, however, Sanford’ published radial velocities of 145 class 
N stars and from them derived the solar speed, 23.2 km/sec, the 
mean peculiar motion, 20.4 km/sec, and the coefficient of galactic 
rotation, 13.4 km/sec. It then became possible to estimate the 
mean absolute magnitude not only through comparisons of better- 
determined parallactic motions but also from peculiar motions and 
from galactic rotation. Using Wilson’s parallactic motion, Sanford 
found M = —2.1, and from the galactic-rotation coefficient M = 
—1.4 or —1.8, depending upon whether Joy’s® (18.5) or Plaskett’s® 
(15.5) value of the rotational constant was used. In more recent 
work on the Cepheid variables Joy" has found a new value (20.9), 
the use of which would reduce the value of M derived from galactic 
rotation to — 1.1. In view of the large range in these values, it is 
desirable to compute the mean parallactic and peculiar motions 
from the best proper motions at present available and to redetermine 
the mean absolute magnitude. 


DATA 
The radial velocities and most of the results based upon them are 
taken directly from Sanford’s paper. In Table 1 are listed the 106 
proper motions of class N stars which have been determined with 


5 Lick Obs. Bull., 10, 168, 1923. 

® A.J., 34, 191, 1922. 

7 Mt. W. Contr., No. 525; Ap. J., 82, 357, 1935. 

§ Pub. A.S.P., 45, 202, 1933. 9 Pub. Dom. Ap. Obs., 5, 167, 1933. 
1 Mt. W. Contr., No. 607; Ap. J., 89, 356, 1930. 
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TABLE 1 


PROPER MOTIONS OF CLASS N STARS 
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RV Mon 53.0 |+ 6 18 | 7.0 8.2 | Nb — 027 9 | -004 7 W 225 
RY Mon.. 7 2.1|—724|7-7 9-1 N5 — 006 8|+ .o10 8 W 466 
W CMa.... 7 3.4|—-11 4616.9 7-5 Na — .029 3 |+ .o10 4 W 
— 2°2101... 20.3 |— 2 57 OF Nb — .003 12 |— .042 13 W 
—49°3201 53.5 |—490 43 7.6 Nb 1. O48 13 |[— (025 12 W 
RU Pup 8 3.2 |—22 37 | 6.8 9.0 Nb = ,OFr 10-|— .035 W Irr 
RY Hya 14.9/+3 5|83 9.6 Nbe 41.. OOF Gia e7 7 W 535 
lr Lyn 8 16.4 |+33 51 | 8.0 12.0 Noe |+ .020 7|+ .006 8 W 410 
X Cne 49.7 |+17 37 | 6-1 © 6|Nb N3 + .004 3 |+ .003 3 W 130 
FCnc.... 51.0 | +20 14 | 8.0 10.2 N3 — .008 4 |— .003 4 W 500 
W Sex. 9 45:9 |— 1 33 8.8 12.3 | Nbe — .006 10 |+ .004 II W 
Y Hya 40.4 |—22 32 | 9-5 8.0 | Np N3 = i687 10 [— .co4 @ B Irr. 
X Vel 9 51.3 |-41 7|69 9 Nb — o10 Ir |J— .036 9 B Irr. 
SZ Car 56.7 |—-59 44 | 9.0 7-5 Nb 4+ 016 10 |+ .o10 10 W 
—34°6528 10 7.5.|—-34 5° 7.0 Na 4+ 002 5 |+ .oo1 5 B 
U Ant... 30.8 |-39 3| 5-7 9.7 Nb — .o3I 5 |— .007 4 B 168? 
U Hya 32.6 |—-12 52] 4.5 6-3 Nb N2 + .036 3 |— .034 3 W Irr 
4+-68°617...-- 10 38.1 |+67 56 6.3 Na + (005 6 |— .003 6 W 
V Hya A 46.8 |—20 43 | 6.7 12.0 N6 —~ 008 g|— .o18 9 W 505 
SS Vir 12 20.1 |+ 1 20|]7-2 9.0 Np — .007 7 |— .003 7 W 354 
Y CVn. 40.4 |+45 58 | 4-8 6.0 Nb N3 + 004 2 |+ .008 2 B 158 
RY Dra 52.5 |+66 32 | 6.1 7-1 Np Nap \+ 009) 55: |—_:~-O21 6 W Irr. 


* Authorities: B, Boss; K, Kapteyn and van Rhijn; W, Wilson. 














CLASS N STARS 355 


TABLE 1—Continued 






































| | | | | 
rs | Au- 
Star a1goo 51900 A lg | Spectra | Ha MS thori- | Period 
Max. Min. | } ties* 
| | ies 
T Mus 13h13m5 |—73°55'| 5.4 7.1 | Np toto1g+13 |—o%027+14 K 
UX Cen 15.5 |—63 42 | 6.4 7.9 | Nb — .043 15 |— .009 13 W 
—55°5802 51.6 |—55 51 | 7.8 8.5 | Na I— .or2 16 |— .028 14 WwW 
—53°5915 14 7.4 |—-53 28 | 7.0 8.5 | Nb ‘s o18 15 |— .031 13 W 
X TrA 15 4.7 |—69 4215.9 7.7 | Nb |+ 007 4|/— .O15 3 B Irr. 
V CrB | 15 46.0 |+39 52 | 7.2 12.0 | Nb N3e | + 020 7|— .o17. 6 W 362 
V Oph | 16 21.2 |—12 12 | 7.0 10.5 | Nb Nee {+ .oo1 7|— .o1lo 7 W 301 
V TrA 39.8 |—67 36 | 6.6 7.5 | Nb I+ .003 9 |— .097 10 K 
T Ara | 54-4 1-54 55 | 7-3 8.4 | Nb I— .029 14 |— .008 14 K 
TW Oph | 17 23.8 |—19 24 | 7.8 8.7 | Nb [— 025 5 |— .co2 6 W 
TT Sco 17 33.4 |—41 34 | 8.1 10.8 N3 |+ .022 13 |— .013 13 B 
V Pav | 34.7 1-57 40 | 5-7. 7-2 | Nb iI—  .006 «36g |— .055 Q B 
SZ Ser | 39.1 |—18 37 | 5.9 7.2} Nb & 004 6 |— .004 5 W 
SX Sco | 40.8 |—35 39 | 8.0 8.5 | Nb + .o1§ 1 |+ .o12 II W 128? 
T Lyr | 18 28.9 |}+36 55 | 7.8 9.6 N3 - 002 g |— .008 7 W Irr. 
RX Sct | 18 31.7 |— 7 41 | 8.5 9.4] Np N3 + .o12 12 /+ .o10 12 WwW Irr. 
+36°3243 390.4 |+36.53 8.1 Nb + .016 8 {+ .0o10 7 WwW 
S Sct 44.9|— 8 1] 6.4 7.3 | Nb N3 |+ .o10 g/+ .006 8 W 144? 
T Sct 50.0 |— 8 19 | 8.8 9.3 | Nb N3 |— .0o15 10 |]— .o13 10 W 
UV Aql 54.0 |+14 14] 7.9 9.0| Nb Ng | + 013 Ir |+ .005 9g W 355 
V Aql 18 59.1 |— 5 so | 6.5 8.0] Np N6 |{+ .o13 4 |— .003 5 W Irr 
—16°5272 19 13.4 |—16 5 7.2 Na N2 |+ 0290 4/+ .003 4 W 
UX Dra 25.1 |+76 23 | 6.1 7.1 | Nb No |— .o10 2/]|+ .0c02 3 B Irr. 
AW Cyg 25.8 |+45 50 | 8.0 10.2 N3 |— .o10 8/+ .056 8 W Irr. 
AQ Ser 28.6 |—16 35 | 6.6 7.6 | Nb N3 |+ .0o1 4 |— .oo1 4 W Irr. 
Er Cys 19 37.1 |+32 23 | 7-3 8.4] Nb N3 |— .022 6|— .002 6 WwW 118 
UW Ser 40.6 |—18 24 | 6.4 8.2] Na I+ .034 7 |— .0o2t 6 W 
AX Cyg 4.0 |+44 0| 7.4 7.9] Nb |—  .014. 4 ]— .OIL 4 W 
+ 9°43690 56.3 |+ 9 14 8.7 Nb — .013 6/— .o19 6 W 
+20°4390 58.0 |+20 49 Q.2 Nb — .0o4 7|/— .o10 68 WwW 
X Sgr 20 0.7 |+20 22 | 8.7 9.7 | Nb — .013 g|— .030 Q W 196 
AY Cyg 6.3 |+41 12 | 8.9 10.2 | N — .062 14 |— .026 14 Ww 
SV Cyg 6.5 |+47 35 | 8.1 9.4 | Nb N3 — .031 12 |+ .034 12 WwW Irr. 
RS Cyg | 9.8 |}+38 28 | 7.5 8.7 | Nap Noep|— .007 4 {+ .oo1 4 WwW Irr. 
RT Cap 11.3 |—21 38 | 6.4 7.8| Nb N3 — 024 5 /i+ .o1r 6 W Irr. 
U Cyg | 20 16.5 |+47 35 | 6.1 11.8 | Npe Ro — .o10 7 |— .003 6 W 457 
V Cyg 38.1 |+47 47 | 6.8 13.8 | Npe N3e |— .016 6]/— .o19 5 WwW 416 
T Ind | 21 13.6 |—45 26 | 5.2 6.9] Na — .004 Ir |— .o10 9g B 
Y Pav | 15.2 |—70 10 | 3.7 6.5 | Na No + 007 8|— .0o17. 7 B 
YY Cyg | 18.6 |+41 58 | 8.5 9.5 | Ne — .o21 8 |+ .co8 8 W 387 
S Cep 21 36.5 |+78 10 | 7.9 13.1 | Nce N8e |+ .003 4 |— .013 5 W 482 
DS Peg 37.8 |1+35 3]|6.0 7.0] Nb Ni + .o1! 5 |— .005 4 W 
RV Cyg 39.1 |+37 34] 7-1 9.3 | Np Ns — .002 5 |+ .o11 § W Irr 
LW Cyg 51.5 | +50 1 | 9.3 10.2 | Ne + .o18 8 |]— .ooF 7 WwW 
RX Peg SE.7 22 2 7.7 8.6| Nb N3 — .009 6§ 0005 W Irr 
+60°2342 | 22 40.4 |+61 12 9.0 Nb — .006 13 |— .005 12 W 
TV Lac 51.9 |}+53 41 | 9.1 10.1 | Nb + .004 10 000 «13 W Irr. 
+48°4051 23 22.2 | +48 5% 8.6 Nb — .008 10 ]+ .009 § WwW 
19 Psc 41.3 |+ 2 56 ‘2 Na No — .039 2/— .o16 2 B 
WZ Cas 56.2 |+59 48 | 6.9 8.5 | Na Nip |+ .o10 5 |— .002 4 Ww 193 
SU And 59.4 |\+43 0| 7 8.5 | Nb l+o0.025 7 |+0.009 7 W Irr. 
| 
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probable errors not exceeding o’015. These have been taken mainly 
from the Boss General Catalogue and Wilson’s supplementary list ;" 
three were added from Kapteyn’s list. In the various solutions and 
summations the following weights were used: 


P.E. Weight 
NR IS 6A 2G haben ede Er EREe eaeads LA 
OLOOOTO FOTO; dis cs Saw athe G ealbis Soe aes 1.0 
DSO DESORO NG 6 ic. 5's csediahiac cn hive we a5 6 ERI ase 0.7 

0.5 


iiss ows peetee dasaesn ois tales 


The magnitudes, the spectra, and the information as to the character 
of variation and period are from Schneller’s Katalog und Ephemeriden 
verdnderlicher Sterne fiir 1939," the Harvard classification when 
available being added wherever Schneller gives the decimal classifica- 
tion. Considerable uncertainty in the visual magnitude arises where 
the photographic magnitude alone has been measured. The color in- 
dices of the N stars have a wide range and the mean is rather in- 
definite. In order to reduce the magnitudes to one system, the 


following color indices were used: 


Cl 
NS cu boats p ca reader tb ds Biden heehee +2.0 
UE & <eadosetda chad eoeaeBee ks ened 2.6 
| OTST Ce ee Teer ee eres. +-3.0 


Where no subclass was recorded, the value +2.6 was used, following 
Sanford’s example. 
GROUP MOTION 

Although the distribution of the N stars with known proper mo- 
tions is highly unfavorable for a determination of the solar apex, 
it is desirable that the co-ordinates of the group motion be derived 
from the proper motions for comparison with those depending upon 
the radial velocities. The corrections to the Newcomb precessions 
derived by Wilson and Raymond" were accordingly applied to the 


tA J .,:48, 41, 1930. 


12 Kleinere Vero ff. Universitdts-Stern. Berlin-Babelsberg, No. 20, 1938. 


3 A.J., 47, 57, 1938. 
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proper motions, which were then transformed to motions relative to 
the galaxy and analyzed by means of the relations" 


uw cos 6 = X sin] — Y cos! + Qcos b+ C cos 21 cos 6 
+ Ssin 2] cosb, 


uw = X coslsinb+ Y sin7 sin 6 — Zcosb 


, S : 
— — sin 2/ sin 2b + — cos 2/ sin 20. 
2 2 


The results of this analysis are given in Table 2. 


TABLE 2 


RESULTS FROM PROPER MOTIONS 











(Unit 0701) b WIE oer PPE Gag 
Me +o.35+0.18 | bg....... .. + 40° 
y + .44 16-| Ag: ve 249° 
Z + 48 tz | De... eee + 56° 
Q — 31 14] 9 RE o'74+0716 
c + .19 tan a oe a: 22° 
S +o.19+0.18 | P Ne eee 0727+0718 








From the radial velocities Sanford obtained for the directions of 
the apex of group motion and of the galactic center A, = 257°, 
D, = +30°, and /, = 315°. The differences between the values of 
these quantities derived from radial velocities and from proper mo- 
tions are due partly to the small number of stars involved but much 
more to the effect of their unfavorable distribution on the proper- 
motion solution. Since this distribution is favorable from the stand- 
point of the radial velocities, the results based upon them must be 
regarded with considerably more confidence than those based upon 
the proper motions. In view of the uncertainties involved, the values 
derived from the two sets of data may be considered not unduly 
different from those of the apex referred to the stars in general and 
from the conventional value of the longitude of the galactic center. 
In the computations to follow, the values A, = 270°, Dy = +30°, 
and /, = 326° have therefore been adopted. It is interesting, if not 

‘4 For the significance of the symbols here used see R. E. Wilson, Mt. W. Conir., No. 
604; Ap. J., 89, 218, 1930. 
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particularly significant in view of the result for /,, that the values 
here found for Q(—o%0031) and P(+0%0027) agree well with the 
more accurately determined values of the galactic rotation, Q = 
—o"0030 and P = +070033. 


MEAN PARALLAX 

In order to obtain the best results for mean parallax, especially 

when dealing with small proper motions and meager data, it is 

essential that the computations be made by several different meth- 
ods. The three relations most convenient in application are 





; ind 
ee Pee (1) 
Vo Vo >> sin? aA 
(Au: + Buz) 
Tq ye (2) 


~ p>. (A? + BY ’ 


and 
kr, 
tT; = .y ° (3) 
Formulae (1) and (3) may each be used in two ways; the value of 
qg may be determined from the solution for group motion or from 
the v components of the proper motions; and a value of 7, may be 
derived, when the data are sufficient, from the relation 


T) = Tay — Kp’, (4) 


in which p is the mean of the quoted probable errors, or from the 


relation 


in which 7 is the true average error. In formula (2) uw, and yp, are 
the proper motions in arc in right ascension and declination, respec- 
tively, and A and B are functions of V, and the position of the apex.” 

Values of the mean magnitudes (maximum and minimum), total 
proper motions, their quoted probable errors, and various com- 
ponents are given in Table 3. 


5G. Stromberg, Mt. W. Contr., No. 558; Ap. J., 84, 555, 1930. 
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The true mean peculiar motion, 7,, was derived through a least- 
squares solution based upon equation (4), from which it was found 


that 


T =0.0090+7 and «= 2.28. 


The value of x indicates that the true value of the mean probable 
error is po = 1.28 P or that the quoted probable errors are under- 


TABLE 3 


OBSERVED MEAN VALUES OF MAGNITUDES 
AND PROPER MOTIONS 














ae 739 10OT +o%o9 

Wer Gis aes oo 8.66 1OOU. nie +0. 37 

LOO Zobs - 2,21 100Tay MRE oy trie 1.40 

1OOp... mene ; 0.77 1007. : ee 

EOOPo« «64:5 ©.99 FOGG ors. aden aloes 0.54 
TABLE 4 


DETERMINATIONS OF MEAN PARALLAX 


Method 7 
(1) g from Table 2. 0.00151 +33 
(1) gq from v—comp. OOIIO 24 
2) eee pare phic 3 oo108 24 
(3) to from Eq. (4).... 00209 16 
(3) to from Eq. (5)...... 0.00179 +16 
Ty : ©.00o118t15 
ir ; O.O001Ig4+II 





estimated by 28 per cent. Since 7, the average error, is 1.18 po, 


equation (5) gives the value 
”" 
T, = 0.0077 +7. 
From his analysis of the radial velocities Sanford finds 


V. = 23.2 km/sec and 6 = 20.4 km/sec. 


The five values of the mean parallax derived with the foregoing 
values are summarized in Table 4. 
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Inasmuch as the mean absolute magnitudes computed from 7, 
and 7, differ by a whole magnitude, the proper combination of the 
two values to obtain a representative mean is important. The rela- 
tive weights computed from the probable errors are 1:1.77, while 
Russell’s criterion’ gives 1:1.66. Adopting the mean, 


a et oe a oe 
one gets as the mean parallax of the 106 stars listed in Table 1 


®t = 000166 + 16. 


The probable error is the mean of three values based upon the re- 
sults given in Table 4. One was computed from the five probable 
errors of the separate determinations of 7, a second from the range 
in the five values of 7, and a third from the difference between 
#, and 7,. 

MEAN ABSOLUTE MAGNITUDE 


The mean absolute magnitude may now be determined from two 
sets of data; one given in the preceding section, 


Ri, = 7.32, t = 000166 + 16, 
and the other from Sanford’s discussion of the radial velocities, 


M,=17.9, x%*rA = 13.4 + 2.6 km/sec. 


The relations applying are 


- ac 
M, = m 5 o> fa Se e 
M m+5+5 log # + 5C en (6) 
= _ . : ar 

M, = i. + 5 — slog? — 5C,— -_, (7) 


in which C, = log 7 — log #, C, = log r — log 7, ¢ = #7, 7 = 
7A/A, and a is the galactic absorption per kiloparsec. 

The fifth term involves the effective galactic absorption, which, 
owing to the strong concentration of the N stars toward the galactic 
plane, must considerably affect the apparent magnitudes. The best 


6 Mt. W.Contr., No. 215; Ap. J., 54, 142, 1921. 
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determinations of the absorption of visual light give a = 0.30 
mag/kpc in the region of the galaxy, and a reasonable estimate of 
the mean effective absorption for the N stars is a = 0.20 mag/kpc. 
With this value of a, one finds from (6) and (7) 


({— 1.58 0.2¢ 

M, a § 5c: Re ae eee , 8 
14 0.23 T 5 10007 (8) 
(— 1.79) 0.27 

M, = { = Cy 
| + 0.43 } SC: 1000 (9) 


the value A = 15.5 km/sec kpc having been used to determine 7. 
The probable error of M/, was estimated from the probable error of 
z, from the range in M based upon the various values of # in Table 
4, and from the difference in the values of M derived from #, and 
t,. That for M, is based upon the probable error of 7A. 

A rigorous determination of M requires knowledge of the values 
of C;, C., and c. There are as yet no spectroscopic criteria of ab- 
solute magnitude for the N stars, and the direct measures of parallax 
are too few to give any information as to these values. However, 
approximations may be made on the assumption that M@, and M, 
refer to representative groups of N stars, such that 


true MV, = true M,. (10) 


By definition, for any set of stars, whatever the distribution of 





log 7, 
C = log r — logz, 
C’ = log r — log7, 
C= 7°T, 
whence 
logc = —(C+C’). (11) 


Also, since r = 1/7 and we may write 7 = 7 + €, 
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and 


Since, by definition € = o and @ = o2, o, being the dispersion 


in 7, 
_ oc 6 
c= 7Trr=iI a eee eer ees 
2 3 
and 
‘s = 
Ox e& 
log ¢ = Mod (Z—£....). (12) 
Tv = 
Further, 





log t = log ( + €) = log t + log 


ite 


eh 
T 


C = log m — log t = log (: +3) 
which reduces to 


From equation (11) 





whence 


c-c' = Mod (-....). (14) 
3m 
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All series are convergent for values of €@/z#? < 1. To powers of the 
second order inclusive, therefore, 


— a 4 
Cee, 
Ox 
Cc = iI i=, 
T 
and 
log c = — 2C 


In the first approximation for the solution of equations (8) and 
(g), then, 


— 2C, = log«,, be 
— 2C, = loge. 7 


Neglecting the absorption terms, one finds from condition (10) and 
the difference between equations (8) and (9) 


C, oh C. = 2C; = - 0.042 
and from equations (15) 
log c. + log c. = — 0.084, 


from which it follows that C, = C, with only a small percentage 


error. Then 


log c = log c, = log c: = 0.042 


gives 


The values of the absorption terms may now be taken into ac- 
count and the process repeated. The third approximation gives 
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equations (8) and (g) give on the third approximation 


M, = — 1.58 — 0.125 — 0.135 = — 1.84, 
M, = — 1.79 + 0.125 — 0.173 = — 1.84, 
and 
M = — 1.84 + 0.20. 


If the distribution of log z is Gaussian, we have the rigorous 
relation 


2 
— Tlogr 
ogc = Mod ° 


For c = 1.12 the corresponding value of the dispersion in log z is 
Ologx = + 0.144. 


Although the value of c appears reasonable, little confidence can be 
placed in it. Two assumptions have been made which may seriously 
influence the values of c and C, = C,: first, that the values of 7 
and 7 are observationally consistent, i.e., not affected by any im- 








TABLE 5 
MEAN ABSOLUTE MAGNITUDES FROM APPARENT-MAGNITUDE GROUPS 
| ea a ————————— — 
; ei 7A r — 
sai ™ km/sec | kpe | M 
a ss ; | 
eee 6.5 712 | 0.465 —1.81 
acs hist ae awd ee 8.2 16.3 | 1.050 | 99 
Bh bared ereree baeD 9.3 22.4 1.445 } 07 
ras whisk dicainse 7.9 13.4 | 0. 865 | —1.83 











portant systematic errors; and, second, that both refer to repre- 
sentative groups of N stars, such that M, = M,. The value calcu- 
lated for C, = C, is obviously sensitive to departures from either of 
these assumptions. On the other hand, the value of M is but little 
affected by the failure of either assumption, unless possible syste- 
matic errors in # and * make both M, and M, too large or too small. 
The most obvious possibility is an error in the rotational constant 
A. However, larger values of A connote smaller values of o, and 
c,, which become o and 1, respectively, for A = 17.2 km/sec kpc. 


CLASS N STARS 365 


Sanford divides his radial velocity data into groups according to 
apparent magnitude and derives values of 7A and 7. The internal 
agreement of the absolute magnitudes computed for each group 
with the constants resulting from the general solution, as shown in 
Table 5, serves as a partial check upon the values of the constants. 

The conclusions are, therefore, that the data are well represented 
by the values 


a = 0.2 mag/kpc and A = 15.5 km/sec kpc 


and that the mean absolute magnitude of the class N stars with 
measured proper motions and radial velocities at maximum is 


M = — 1.84 + 0.20. 
MEAN ABSOLUTE MAGNITUDES OF SUBTYPES 
It is of interest to inquire whether the mean absolute magnitude 
derived above is representative of the various subtypes and of divi- 


sions made according to the character of the variability or non- 
variability of the stars. For this purpose mean parallaxes were com- 


TABLE 6 














|| 

ane : et hae : ; 

Spectrum No. on } r'ype No. Ginnie 
Na.... Re 38 16.1 || Periodic........ 4! 20.3 
‘| re? 89 22.2 Irregular ....:..:..s-. 34 19.1 
Nes 3... sas 7 16.3 | All variable...... 93 20.6 
Np... pone 14 18.2 | Nonvariable..... 52 19.1 
NG.) re 19 25.0 ‘ eeiaeimacan 145 20.2 





puted from means of the data in nine subgroups. The group motion 
was assumed to be the same for all subdivisions as that derived from 
the general solution. Values of the mean peculiar motions derived 
from the radial velocities are given in Table 6. As radial velocities 
up to 150 km/sec enter into the determination of these values, the 
scatter about the mean, 8 = 20.2 km/sec, is small enough to justify 
its use in the computation of z,. The difference between this mean 
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and the 20.4 km/sec given by Sanford is due to the fact that he 
used only the 133 stars between galactic latitudes + 40°. 

The mean 7, of the values of 7, determined by equations (1) and 
(2) was combined with 7, from equation (3) with weights based upon 
the computed probable errors. The mean absolute magnitudes cor- 
responding to maximum and to median apparent magnitudes were 
computed by equation (6) with the values of o and a given by the 
general solution. The details of the computations are given in 
Table 7. 

There appears to be little evidence of any pronounced difference 
in mean absolute magnitude among the normal N stars, although 
the value for Nc is quite uncertain owing to the small number of 
stars involved. The outstanding group is that composed of the emis- 
sion stars. These appear to be about 2.5 mag. brighter than the 
average. All are variable, nine are periodic, one is irregular, and 
for the other the type of variation is unknown. Their inclusion in 
the Np, periodic, and all-variable groups tends to make brighter 
the M computed for these groups. The Ne stars as a class also have 
the greatest range in magnitude variation; in fact, when an N star 
is found to have a large variation in apparent magnitude, the pres- 
ence of emission in its spectrum may be predicted with a reasonable 
degree of certainty. 

The variable stars at maximum appear to be somewhat brighter 
than those in which no light-variation has been noted, even when 
the Ne stars are left out. If, however, the values of M correspond- 
ing to median apparent magnitude are considered, the scatter in M 
appears to be very small. It has been customary to consider the 
maximum as the normal state of these stars along with the long- 
period variables of other spectral types. The foregoing results seem 
to indicate that possibly the median magnitude represents the nor- 
mal state, as is the case with the Cepheids. Whichever state be con- 
sidered as normal, the N stars may all be classified as giants, the 
emission stars possibly as supergiants. No dwarf star with this type 
of spectrum is yet known. 
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INTENSITY CHANGES IN BRIGHT CHROMOSPHERIC 
DISTURBANCES* 


R. S$. RICHARDSON 


ABSTRACT 


Intensities are given for 18 bright chromospheric disturbances observed at Mount 
Wilson for which complete photographic records are available. The values are a com- 
bination of the measured areas of the flocculi and eye-estimates of their individual 


brightness. 

On the assumption that the chromospheric emission in Lyman a is five times stronger 
than in Ha, radiation through the atmospheric “window” from Ad 1100~1300 during 
a bright chromospheric disturbance of intensity 2 or 3 should be about 60 per cent 


greater than normal. 
I. INTRODUCTION 

The most convincing evidence of a direct connection between the 
sudden appearance of very bright flocculi in the chromosphere and 
fade-outs in high-frequency radio signals is the simultaneity of their 
occurrence. The effect is especially striking when the flocculi are 
exceptionally bright and the time of commencement accurately 
known. For then it may be confidently asserted that a fade-out 
began within a few minutes of the solar disturbance,’ which will 
almost invariably be confirmed by later reports. 

The fade-outs have been satisfactorily explained as the result 
of an intense burst of ultraviolet light from the bright flocculi, 
capable of penetrating the atmosphere down to the D-layer, at a 
distance of only 100 km from the surface. The solar radiation pro- 
duces numerous ions, which quickly absorb the radio wave-energy. 
But the high density also favors rapid recombination of ions and 
electrons, so that when the ultraviolet light begins to fail the per- 
centage ionization soon returns to normal. The wave is now no 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 616. 

t Previously the sudden appearance of bright flocculiin the chromosphere was called 
an “eruption,” on the tacit assumption that this was the only way such an effect could 
be produced. But, owing to the absence of high radial velocities in the intensely lumi- 
nous flocculi, it seems safer to refer to them simply as “disturbances” —a term without 
” 


the implications of “eruptions. 
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longer absorbed and passes through to the higher layers, where it is 
reflected as usual. 

If the degree of ionization in the D-layer is as sensitive to the 
chromospheric emission as this theory implies, then a detailed com- 
parison of solar and radio data should be of the greatest interest. 
Radio records suitable for this purpose are available, but the solar 
data are scanty and incomplete. Except for a few isolated cases, 
the only accounts that have been published are those in the Ziirich 
bulletins, giving the time of beginning and end and an eye-estimate 
of the maximum intensity. 

Starting in June, 1936, an automatic camera which runs almost 
continuously from sunrise to sunset has been used at Mount Wilson, 
taking spectroheliograms on motion-picture film about every three 
minutes. Although reports on the bright chromosphere disturbances 
photographed during this time have all been sent to Meudon, a de- 
tailed description of our best examples is made available here, since 
apparently no other continuous photographic observations have 
been taken. 

II. OBSERVATIONAL MATERIAL 

The observational material in Tables 1 and 2 includes all dis- 
turbances photographed on film from June, 1936, to April, 1939, 
for which we have a complete record from beginning to end. The 
only exception is the disturbance of January 20, 1938, the beginning 
of which was evidently missed by a few minutes. But since this is 
one of the longest and brightest disturbances recorded, it has been 
retained because of its extraordinary character. 

The values called “Integrated Intensities” in the last column are 
a combination of measured areas of the flocculi and eye-estimates 
of their brightness on a scale of 1-5. They have been rounded off 
to two figures owing to the approximate nature of the data. 

The areas were found by putting the film in a motion-picture 
machine, which enlarged the images from 2 to 25 cm, and by making 
an outline of the projected image on a sheet of squared paper. 

It is customary to express the areas of sunspots in millionths of 
the sun’s visible hemisphere by the formula 
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where A’ is the measured area, R the radius of the disk, and a the 
angular distance of the spot from the center of the disk. A spot 
with an area of rooo is considered “‘large”’ and is visible to the un- 
aided eye when near the solar meridian. The areas given in Table 2 
are in millionths of the sun’s visible hemisphere, but have not been 
corrected for foreshortening. It is doubtful if such a correction is 


TABLE 1 


BRIGHT CHROMOSPHERIC DISTURBANCES FOR WHICH 
COMPLETE RECORDS EXIST 











B icoliyltls 
tek Date Position Eperne —_ pry 
No. ; Interval Seen 7 
(sec a) 
min. GCF. 

4921......| 1936 June 19 20°N, 30°F 3.61 19°34™4 1.23 
SO7S... 35 4. Oct. 14 1448, 44 W 3.67 22 39.9 I.40 
3) Dec. 24 [S0;, -3oun 4.35 22'-21.0 1.36 
ae 1937 Apr. 21 rooN: ay 4.21 14 50.8 1.38 
i ae Apr. 21 18 N, 37 I 3.96 20 04.7 1.38 
SAOO j= -+.¢ = June 20 r2-N, 3. 2.04 ar 03.3 1.03 
BAT. oss June 20 1 N, 39 E S17 00 10.3 1.34 
BASS. cea July 11 13 N, 48 E aA oo 28.1 1.54 
i July 11 r2 WN)... 33° E 3.40 1g 08.9 I. 33 
RS sa ts July 16 i598, 21 W 3-43 22 AT .2 1.14 
Cs ae Sept. 29 12 N, 64 E Ars 19 49.6 2.06 
cy |: ae Oct. 4 10 N, 7W 3.48 20 36.4 1.04 
SEO in. & os Oct... 6 9 N, 33 W 3.39 20° 359-2 1.20 
) 1 ee 1938 Jan. 11 13 N, 65 W 3.26 19 31.0 aon 
SPO 2565-3 Jan. 20 18 N, 30 W 3.25 18 19.7 is 
SBS 300, Apr. 23 13S, 14 W 2.98 TO 33.4 1.06 
CC ee May 11 20.5: -¢9 7k 3.06 14 59.5 t. 34 

















* This is the only disturbance for which the record is incomplete. The exposure called o was at 17557™. 
The next exposure called 1 was at 18519™7, after which they follow at regular intervals. 


valid since we have no assurance that the flocculi are level with the 
solar surface. However, this correction may be applied if desired 
simply by multiplying the areas by sec a, the projection factor, 
given in Table 1. 

The estimated brightness of each flocculus was written on the 
diagram when it was drawn. In making the table, the areas of floc- 
culi of equal intensity on the successive exposures were added to- 
gether and the sum multiplied by their intensity; the integrated re- 
sult for all the flocculi is given in the last column. 

The intensities thus derived show irregular variations from one 
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TABLE 2 


AREAS AND ESTIMATED INTENSITIES OF BRIGHT 
CHROMOSPHERIC DISTURBANCES 











Esti- Inte Esti- Inte- 
Mt. W. Expos. | mated ita grated Mt. W. Expos. | mated bigs grated 
No. No. Inten- | Inten- No. No. Inten j Inten- 
sity sities sity sities 
4921 fe) 3 406 12 5343 12 I 568 6 
I 2 304 6 i: I 203 6 
2 2 304 6 2 203) 
3 I 507 5 14 I 609 6 
4 I 203 2 15 
5 I 162 7 10 
17 I 609 6 
5075 ° I 122 I 18 I 508 5 
I 2 243 5 19 I 400 4 
a 2 243 5 20 I 508 5 
2 I 203 2 21 
4 I 203 2 22 I 400 4 
5 I 203 : 23 I 41 . 
2 243 ” 
5172 ° 2 406 8 24 2 406 8 
I 2 400 8 25 2 406 8 
2 I 400 5 20 2 440 9 
3 I 406 4 27 2 446 9 
28 . 122 
5343 o I 440 4 2 406 9 
. : 497 a 29 3 162 
2 2 400 8 67(| 14 
3 2 406 8 : sti 
4 2 508 10 39 2 203 8 
5 I 284 2 I 400 ) 
6 I 400 4 31 I 183 6 
7 I 400 4 2 203 
) I 440 4 32 2 162 J 
QO I 400 4 I 203 2 
5343 fo) I 609 6 - : 184 5 
I 3 400 12 ‘ 
2 3 400 12 34 I 406 4 
| 35 I 102 2 
3 I 61 oe a : 
: 203 5 | 30 I 122 I 
27 I 102 I 
4 I 61 8 
2 395 EAOOE 569153 ° I 203 2 
5 I 162 6 I I 345 “i 
2 203 3 609 
6 2 508 10 2 3 345 10 
vi 2 508 10 3 2 400 8 
8 I 609 6 4 I 325 3 
9 I 751 8 5 I 244 2 
IO I 771 8 6 I 162 2 
II I 609 0) a I 142 I 
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Esti- Inte- | Esti | Inte- 
Mt. W Expos. | mated hatin grated Mt. W. Expos. | mated a | grated 
No No Inten- a Inten- No No. Inten- | ———s*XYVsidInten- 
sity sities sity | sities 
S | 
SAI ars: be ° I 122 I 5453 5 I 203 | | 
I I 400 4 2 203;| 34 
: I 731 7 3 934) | 
3 I 73 ts 6 I 406) | 
2 710 . 2 6097} 28 
4 3 O14 27 3 400 | | 
5 3 O14 27 . i mar) | 
6 3 IOI5 30 Aa a 
: ‘ 2 305) | : 
7 3 1015 : << 
2 122 33 re) I O6goO | re 
| 3 
8 3 IO15 30 2 406 | 
9 2 812 24 9 I 650 || a 
6 7 | 3 
10 3 710\| 4, 2 304 
I SI 10 I 609 | | oi 
II 2 QI4 = 2 304 
I 162 II I S12 8 
12 I 244 12 I 508 5 
2 710 17 13 I 508 5 
13 2 426 8 i4 I 609 16) 
14 I 447 ‘ ies 
2 122 ‘ 5455 ° I 122 I 
) I 2 gi 18 
15 I 183 14 
: és 5 2 I 304 
2 183 , | rors/| 33 
16 I 304 3 : 
17 I 122 I 3 : 244 36 
3 1116 
eee fe) 2 609 18 4 I 162 
I 2 629 19 2 203 50 
? 3 508 15 4 1116 
3 2 508 10 5 I 244 
4 2 505 10 2 244 52 
5 2 345 7 4 1116 
6 
) 6 2 400 
7 I 386 4 4 ae | 45 
8 I 420 4 
9 I 244 2 7 I 305 
IO I 244 2 |i 3 142 44 
4 QI4 
5453- ° I 5890 - 8 
2 32 9 I 304 a 
. . “a Pe Fo} 
4 1259 
I I 304 
10 I 06 
2 406 23 ” 43 
3 400 + 974 
2 I 304 I or | , 
2 508 38 I 2 304 47 
4 609 4 IOI5 
3 I 162 12 I 400 
2 7107} 28 2 142 37 
3 406 3 1015 
4 : ey , 13 I 81 
¥ pied 4 2 1627} 38 
3 li 3 1116 
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406 
1044 
1218 
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2314 
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Esti- Inte- | Esti- Inte 
Mt. W. Expos. | mated | Area | grated Mt. W. Expos. | mated | Area | grated 
No. No. Inten Inten- No. No. Inten Inten 
sity sities sity sities 
ot I¢ 2 508 BDO! os scars 12 2 36 
Sh, ) 5 19 57 395 19 
3 284 3 400 
20 I 508 9 13 3 690 21 
2 203 14 3 O14 27 
21 I 508 15 3 620\| ,. 
2 203 9 4 203 , 
22 : 407 16 I 522 
2 284{| 1° 3 203/| 32 
23 r | 853] 9 ee ae. 
24 I 853 9 17 I 122 
25 I 974 IO 2 4 = 
26 I IOI5 10 3 244 ae 
27 I IO1S fe) 4 629 
28 I QI4 9 18 I 1522 
29 I 771 5 2 203}| 40 
4 528 
07 8 
re ° I 153 . 19 I 1024 . 
I 3 244 3a 68 45 
5 59 
2 I 102 . i es 
2 IO 20 I 1218 
3 254 ‘: a és 
3 2 244 5 si $947) 55 
4 I 61 E 5 73! 
2 244 5 21 I 710 
e l 2 5057} 45 
5 I I _ 5 = 48 
5 . 54 
2 2 ‘ 
rs 22 I 812 
I 2 
6 : - 2 304°] 43 
2 i 4 710 
M : a 3 23 I 1218 bas 
e I ) 
. : 4 | 934/| ° 
9 I 400 4 
24 I IOI5 ” 
, 218 9 
B20. 2 4.0. fe) 2 183 - P 4 gro 
3 609 ‘7 25 I 09 
‘ i 2 2437) 60 
I ) . ; 
28 1218 
3 812 ; 4 ; 
é 26 I SI 
2 2 t )2 25 the os 
3 710 3 183 5) 
3 I 203 4 IOI5) 
2 8 
. we ' 27 I 400 
)) 
3 400, 2 244 Y 
4 I 122 4 284 5 
2 162 14 5 710 
‘3 304) 28 I 142 
5 2 223 22 2 142 
3 | 568 3 | 2037] 57 
6 2 609 12 4 400 
‘| 2 812 16 5 600 
8 2 58 12 k 
— Ie 29 3 954 
9 2 77 3 4 5687} 89 
IO 2 771 15 : zer| 
II 2 710 | 14 ? saa 
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Esti- Inte- Esti- Inte- 
Expos. |} mated | Area | grated Mt. W. Expos. | mated | Area | grated 
No. Inten- Inten- No. No. Inten- Inten- 
sity sities sity sities 
30 I 203 iy 0 Nae le 46 I 812 _ 
2 243 “a 2 406) 
cas 59 
3 94° | 47 I 771 16 
4 812) 2 406) 
SI I 609 48 I 710 E 
2 203 A 2 406{} 75 
60° 53 
3 ( | 49 I 284 
+ 00) 2 284 9 
32 I 400 50 
3 IOIS;| 59 51 
4 609) 52 I 508 |} 1, 
33 I 406 | 2 365) 
3 1O15?| 67 53 I 508 F 
+ 812) 2 4006) 3 
34 I 406 54 I 1116 ; 
2 203\} 2 406 9 
1116 ¢ 
a 55 1 | 710\) |. 
4 eae 2 406) 9 
5 I 20 
35 - Pi 56 I 609 | - 
O1 2 406 
3 609 ua 
4 609} of I 304 II 
: 2 400 
30 7 — 56 58 I 812 8 
3 | 7503 59 s | ye} 9 
37 I 812 30 60 I 609 6 
3 IOI5 2 61 I 609 6 
38 I 710 62 I 609 6 
3 1116 4 63 I 508 5 
39 I 812 re, ™ 7 
2 | 4067) 35 yp) eg OR 
3 600 66 I O12 re 
: : 67 I 812 8 
4° ’ ‘ hsie : 68 I 710 7 
A Fhe ( 33 69 I 1116 II 
3 So 70 I Q14 9 
41 I 609 72 I QI4 9 
2 4067} 209 72 I 812 8 
| 
3 508) 73 I 914} 9 
42 I 203 
2 365;| 22 5853 ‘ ° I O14 9 
3 406 } I I 508 ‘oa 
812) 
43 1 244 . 
2 4067} 29 2 I 629\ 20 
2 609 } 2 710} 
44 I 203 3 I 400 | 22 
2 609 ; 29 2 QI4 
3 487) 4 3 812 | 24 
45 I 710 18 
2 568 
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| | 
Esti- Inte- || Esti- | Inte 
Mt. W. Expos. | mated | Area | grated | Mt. W. Expos. | mated | Area | grated 
No. No. Inten- Inten | No. No. Inten- | Inten 
sity sities | sity | sities 
| _ | 
ll pee 
BSS3. oor. 5 I 122 | BOOS: 52673 4:5 3 I 122\} 9 
2 203;| 30 | 2 345) | 
3 512) | 4 I 142) | ma 
6 I 162 2 400 } | 
2 2037} 30 | 5 I 244 || 
3 812) 2 400 | | ms 
7 | 4 | roll 4 | 6 | 1 | 162 
2 | 1320 || 2 Ps 
8 2 1218 24 | 
| ” I 202 
fe) I 142 f ph ane 
2 1157 25 | : 497) 
is 8 2 609 | 12 
10 I 162 26 ) I 284 » 
2 1215 2 508 || 3 
; | 
2 ' 
II I 102 ‘ia 10 I 244\) 
2 1421 2 447) | 
¢ aI 
12 I — 24 Il I 243\| 12 
2 IOI5 2 487} | 
| | 
13 I 304 ae 12 I 61 || 
1116;| 79 | =: 
2 1160 | 2 400 } | 
14 I 304 23 | 13 I 203 || 
eee , | 2 447/| *" 
15 I 304 9 I I 203 | 
2 1218 = | , a a ee 
2 7/1 
16 I 1320 13 15 I 873 9 
17 I 1259 13 10 I 6g0 7 
18 I 1116 Il | 17 I r157 | 12 
| ) | 
IQ I gl4 9 1 18 I 1050 } 11 
20 I S12 re) | 19 I 914 | 9 
- I] 20 I 812) 8 
oc fe) I 142 I || 21 I 508 | < 
I I 142 . Ii | 
; > |i | 
2 203 | | | 
2 I 122\} | | | 
2 400 | | ) || | 
| 
| || | 




















exposure to the next, which in most cases simply represents the 
difficulty of outlining the flocculi. In comparing these values with 
the radio data, principal emphasis should be placed on their general 
trend rather than on the short fluctuations. Another feature that 
may be somewhat misleading is that frequently after a disturbance 
has run its course a large area may still remain slightly brighter than 
the average for several hours. This makes the final value for the 
integrated intensity appear rather high, as if some activity were 
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still going on. Quite often the end was fixed arbitrarily, when no 
change was perceptible in the form or in the brightness of the 
flocculi. 

III. QUANTITY OF ULTRAVIOLET EMISSION 

Since the bright flocculi are prominent in the Balmer series from 
Ha to He, the most probable source of ionizing radiation is the Ly- 
man series with its first member at \ 1215.6. From consideration of 
the transition probabilities involved, a reasonable estimate for the 
minimum intensity of Lyman a would appear to be about five times 
that of 7a.’ Examination of the spectra of a large number of bright 
chromospheric disturbances taken during a previous investigation’ 
shows that those called 2 and 3 on the I.A.U. scale or 3, 4, and 5 on 
the scale used here are about equal in brightness to the continuous 
spectrum near by. Taking the width of Ha as 2A, and the tempera- 
ture of the sun 5740 K, the intensity of emission at Ha for a black 
body is 1.35 X 10’ ergs, making a lower limit for the intensity of 
Lyman a 6.75 X 10’ ergs. 

The atmosphere happens to be fairly transparent from AXA 11o00- 
1300, so that light from Lyman a can penetrate to a considerable 
depth, as others have already pointed out in this connection.* The 
normal radiation in this spectrum interval for a black body is 2.67 X 
10° ergs. From the table the largest area covered by the bright floc- 
culi is about 2500 millionths of the sun’s visible hemisphere. Hence, 
on the basis of these assumptions, the total radiation through this 
atmospheric ‘‘window”’ during a disturbance of more than average 
brightness should be 60 per cent greater than normal. 

CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
May 1939 
? Conversation with Dr. R. Minkowski. 
3 Mt. W. Contr., No. 606; Ap. J., 89, 347, 1939. 4 Nature, 140, 603, 1937. 








NEW IDENTIFICATIONS OF Fe ur IN THE 
SPECTRA OF EARLY B STARS 


P. SWINGS, B. EDLEN, AND J. GRANDJEAN 


ABSTRACT 

Starting from their laboratory measurements, the authors are able to show that 
about one hundred lines observed in the spectra cf early B-type stars are due to Fe mt. 
The ionization potential of Fe 11r is 30.48 volts. 

1. Ina previous paper' several Fe 111 lines of the astronomical re- 
gion were computed, beginning with a term analysis of the Fe 11 
spectrum in the far ultraviolet region: these lines were found to be 
prominent in early B-type stars. We have now investigated the 
vacuum-spark spectrum of iron, with a large quartz spectrograph 
(Hilger E.1), from \ 2000 through the visible region. The spark was 
obtained by discharging 0.4 uF at about 60,000 volts through a 
spark gap of 1 mm, a few sparks being sufficient for an exposure. 
The spectrum is extremely rich in lines. After removing Fe 1 and 
Fett from the measurements, some three thousand lines remain 
in the region above \ 2975. The very high stages of ionization were 
suppressed by means of a large induction coil, but Fe Iv and, prob- 
ably, Fe v are also excited in the spark. Considering the spectral 
structure of the various ions, however, it is not likely that stages 
higher than Fe m1 will be prominent in this region, and most of the 
lines measured in the astronomical region are certainly of Fe 11 
origin. 

Although the term analysis is not yet quite complete, the measured 
wave lengths enable us to identify with certainty many unexplained 
lines of early B-type stars. This identification work constitutes the 
main subject of the present paper. 

We shall examine successively the identifications of absorption 
lines in the ultraviolet, the ordinary photographic, and the visual 
regions of the early B-type spectra. Next we shall consider the spec- 


tra of Be and P Cygni stars. 


1 Swings and Edlén, Ap. J., 88, 618, 1938. 
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2. Ultraviolet region of the early B-type stars.—-A good list has been 
published by W. S. Adams and Theodore Dunham, Jr.,? covering the 
region between \ 3000 and X 3600. It happens that strong Fe 111 
lines appear in this region and give reliable identifications of fairly 
strong absorption lines, namely, the group of prominent unidentified 
lines at AA 3266.9, 3276.2, and 3288.9; Adams and Dunham had 


TABLE 1 

















_— INTENSITY IN 
LABORATORY WAVE : PREVIOUS 
STELLAR 
LENGTH AND anes IDENTIFICA- | NOTES 
INTENSITY peeled BC Ma | €C Ma | x? Ori vy Peg TION 
r (cB1r) (Br) (cB1) (B2) 

3086.31 (6) 86.4 5 C 8 6 86.3 Si Ill I 
3136.43 (10) 260.5 I a Re ee an, eevee ens 4 
3174.09 (10) 74.1 I 2 pwn Nene cea ee ceoences s 
3176.00 (10) 76.0 2 I 7 ell (Sede ore eee eyes ¢ 
3178.03 (10) 78.05 I Dh Po omcanstl eeresieees i? 5 
3198.81 (5) 98.9 I > peewee 98.6 Nell 
3218.34 (6) 18.2 I we 18.2 Nell 
3266.88 (20) 66.95 3 2 4 , an Cerri eee 2,3 
3276.08 (15) 76.25 a 2 2 CR) Reet ce 7, 
3280.58 (6) 80.5 a an See oe ee 3 
3288.81 (15) 88.9 2 eB Pee cata sie a veacacets 23 
3305.22 (10) 05.2 2 2 a eee 05.2011 3 
3339.36 (10) 30.4 I Se emer sse) eae rt Ye 3 
3300.84 (6) 60.6 Bi bsaiceacnalbetia aoapeees 60.7 Ne Il 
3307.02 (6) 67.2 Bes he oe I 67.2 S Ill 
3586.12 (9) 86.05 I i Rasa tes aes 6 
3600.93 (10) 00.9 | | (REE ptr | okt | n eW- 6 
3603.88 (9) 03.95 2 a) Caer ere ee es 6 


























1. Fe 111 minor contributor. 
2. Group of prominent unidentified lines suggested, by W. S. Adams and Th. Dun- 
ham, to be due to the same element. 
. Multiplet asF — 25G°; low excitation potential, 10.3 volts. 
. Multiplet a3F — z3D°; low excitation potential 11.2 volts. 
. Multiplet asF — 23G°. 
. Multiplet a3F — 23F°. 


oun Sw 


actually suggested that these three lines are probably due to the 
same element. The identifications are summarized in Table 1. No 
very strong line of Fe 111 appears in the region AXA 3604-3964. 

3. Photographic region of the early B-type stars—For the region 
d 3900 to A 4700 we possess very good lists of wave lengths by O. 
Struve,? O. Struve and Theodore Dunham, Jr.‘ (7 Sco), R. K. Mar- 


2 Ap. J., 87, 102, 1938. 3 Ap. J., 74, 225, 1931. ‘Ap. J., 77, 321, 1933- 
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shall, and, recently, H. Kiihlborn.® The comparison of the labora- 
tory data with the stellar wave lengths and intensities is based es- 
sentially on Kiihlborn’s extensive and excellent table. Of course, 
there appear many wave-length coincidences, several of which have 
a physical meaning. But for the weak laboratory lines the chance 
coincidences are very numerous. A detailed and complete discussion 
is not feasible before a more advanced term classification is per- 
formed. In fact, the general procedure here has been: 

a) To examine first the lines of laboratory intensity greater than 5 
(on our arbitrary scale). The corresponding identifications are prob- 
ably certain. 

b) Next, to examine the lines of laboratory intensity 5. It seems 
possible that a few identifications are somewhat doubtful. Within 
the region concerned, no vacuum-spark line of intensity greater 
than 5, and hardly any of intensity 5, are missing in Kiihlborn’s list. 

c) To examine, finally, the lines of laboratory intensity 4 in 
y Pegasi only (except when observed by Struve in y Peg and not 
by Kiihlborn in that star), in order to reduce the number of chance 
coincidences. Even so, there may still be a few purely chance coinci- 
dences. 

No line of intensity weaker than 4 has been considered, although 
there seem to be good reasons to believe that several lines of labora- 
tory intensity 3 or 2 are present in y Peg. This part of the investiga- 
tion will be performed later, when a more advanced term classifica- 
tion will be available. 

Table 2 summarizes the results. The notations used are: column 3: 
K,, from the list of lines in ¢ Persei by Kiihlborn; K., from the list 
of lines in y Orionis; K;, from the list of lines in ¢ Cassiopeiae; $, from 
the list by Struve; SD, from the list by Struve and Dunham; M, 
from the list by Marshall; B, from the list by Baxandall;’ column 4 
(notations used by Kihlborn): a, major contributor (50-100 per 
cent); b, contributor from 20-50 per cent; c, contributor from 5 20 
per cent; a?, major contributor unknown. ‘The intensities are from 
y Peg. References to the tables by H. H. Plaskett,* Pillans,’ and 

5 Pub. U. of Michigan Obs., 5, 137, 1934. 

6 Veréff. Babelsberg, 12, Heft 1, 1938. 

7 Solar Physics Committee, 1914. 

8 Dom. Ap. Obs., 1, 325, 1922. 9 Ap. J., 80, 51, 1934. 
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TABLE 2 











\ and Intensity 
Laboratory Wave : i Ae opedans 
eels oad in ¥ Peg, Other Previous Identifications Nites 
So slee According to Observations (in Kiihlborn’s Table) 
5 Kiih] born 
3964.11 (5) : . | > 
woke.ae (0) 64.24 (1-2) |... mali: 
3968.78 (8) 68.78 (1-2)} M 68.41 (3) a?; ? C II 8.63 (00) 
3975-13 (4) 75.17 (2-3)] Ki 75.29; a?; ? Fe Il 5.03 (1) 
? M 74.58 (1) 
3978.43 (4) eee K, 78.39; P Ill 8.27 (9) 
S 78.30 (1) 
3079.42 (5) sve seena sl Mee GG Kes 76.58 Ar I1 9.36 (7); 
S 11 9.86 (3) 
3003.15 (5) 93.16 (1) S 93.33 (1); a? 
M 93.61 (2 in 
6 Cet) 
4000.83 (4) 00.86 (2-3)} K, and K, 00.83 a? 
4002.36 (4) 102.40 (1) K, 02.38 a?; ? Fell 2.55 (3) 
4003.41 (4) | 03.51 (1-2) | K. 03.40 a Co th? 4-35 (5: 
| a N Il 3.64 (4) 
4008.81 (5) 1-08.76 (2=3)'1...3. - sansh an 
4022.36 (4) 22.24 (3-4)} K, and K, 22.35 ‘| a? I 
4035-54 (4) 35-384 (3-4) | Ki 35.52; S 35.12) a?; b Arit5.47 (6) | 1, 2 
(2) } 
4039.12 (3s) 39.03 (1-2)} K, and K, 39.02; a? 3 
| S 9.24 (1) ; 
4044.05 (4) 44.05 (3-4)| K2 43.04 a? I 
4053.28 (5) 53.12 (4 5) | S 53.08 (1) a? I, 2 
4057.51 (4) 54,460 fa) 1, . | aR 7 .30:4) 
4006.11 (4) 66.10 (1-2)]...... a? 
4081.19 (7) Sr.20 G) | S8norG); a? 2 
SD 1.1 (2); 
M 1.38 (2 in 
6 Cet) 
4085.53 (4) 85.47 (3) M 85.24 att P's. 39:8) 
4103.15 (4) 03.02 (6) Set oe a O I; etc. 4 
4109.95 (5?) 09.86 (2) K, 10.06 a Ca I1 9.83 (1); 
a N 19.08 (12) 
Se t) ee ll @ cor) re Zug bet eee 
4115.74 (4) £5637 .@) Petre c a? 
4118.57 (8) 18.72 (3) ie so) aepe PIES 96 (2) 
4120.02 (4) 20.18 (4-5)| K, and K; 20.15 a O Il 0.28 (5); b? 
4120.97 (8) 20.84 (34) ~~ t hae > 900 Ee 4,9 
4121.31 (6) 2r.cE (3) be Lape litetnaae td, a O11 1.47 (4) 
4122.06 (8) 22.01 (2-3)| K, 21.99 a B Il 1.95 (7); 5,59 
a C III 2.05 (3) 
4122.98 (8) 22.84 (3-4)| S 22.75 (1); ap 9 
M 22.68 (2 in 
6 Cet) 
26) ms ? ‘ 
pa a a 25. 7o) (io) ea. eee ee 2 a? 
4137.93 (8) 37-81 (4) | S 37.72 (2); a?; ? N 17.63 (7) 9 
M 37.50 (2 in 
6 Cet) 
4139.37 (7) 39.37 (2-3) | ? S 39.70 (1) a? 9 




















TABLE 2—Continued 








\ and Intensity 


Laboratory Wave 2 < Bd ids Ph ht 
usiatli-aiad in ¥ Peg, Other Prev ious Identifications idea 
i According to Observations (in Kiihlborn’s Table) 
Intensity ay 
Kiihlborn 
4140.51 (6) 40.45 (1-2) | S 40.82 (1); a? 9 
M 40.48 (2 in BC 
Ma); SD 0.6 (1) 
4145.74 (5) re Mee ne ee a eee eee 
(2 in B Cep) 
4146.82 (4) 46.94 (1) K, and K, 46.90 a S II 6.94 (3) 
4154.98 (8) 54.83 (1) S 55.09 (1); a N II 5.0 (oon) 5 
B 4.8 (1) 
4161.39 (4) Gree? NI —SaNi ae Sune estore ots 6 otek a? 
4164.79 (20) 64.76 (7) K,, K., and K, a?; ? STII 4.96 (0) | 6,9 


64.80; S 64.78 (3); 
SD 64.81 (3); 
M 64.71 (3 in 
6 Cet); B 64.8 
4166.86 (9) 66.82 (5-6) | S 66.90 (1); a?;c PII 6.73 (3) 9 

SD 6.70 (1); 

M 6.93 (1); etc. 
4168.41 (4) 68.43 (3) K, 68.30 an 28 4ne(s): 9 
b Al 118.42 (1); 

c Al Il 8.51 (0.5) 
4174.27 (10) 74.26 (2) S 74.12 (1); M 74.06] a S II 4.30 (6) 

(2 in 6 Cet) 
76.80 (2) K,, K2, and K; 76.84] a? 


wn 


—_ 
-~ 
S 
— 


4170. 


7 ? 
angoras C5) Mess aca ais Ree K, 79.21 (1) Ar II 9.31 (5) 
4182.02 (4) 82.11 (2) K, and K, 82.18; a S Ill 2.14 (00); a? 

M 82.09 (1 in 
6 Cet) 
4184.09 (4) 84.23 (2) K, and K, 84. 27 a Ca Ill ? 4.29 (8) 
4186.50 (4) 86.46 (1-2) | K, and K, 86.46; a?; b K II 6. 23 (9) 
S 86.83 (1); 
M 86.85 
4189.10 (7) 89.21 (2) S 88.74 (1) a P III 9.08 (3); b? 
4193.98 (4) 93.96 (1-2) |] Ki 93.95 a? 
4200.06 (6) 99.98 (2-3) | Ki and K; 99.86; a N Ill 0.02 (6); 
M oo. 21 (1 in ? Hell, Ar Il, 
6B Cep) 74 Ul? 
4200.38 (6) 00.37 (2) K, 00.47 a? 
4203.91 (5) 03.86 (1) K; 03.89 a? 
4210.87 (10) 10.74 (1-2) | K. 10.77; a?; ? Po.8 (0) 
P'S rE: 36:)() 
4220.32 (5) 26:22 (3) S 20.07 (1 in 6 Cet);| a?; b Ca Ilo. 13 
M 20.08 (1 in 
5 Cet) 
4222.39 (8) 22.27 (2-3)| K. and K;, 22.19; a Pe 15'(7)7 be 
S 22.36 (2); 
SD 22.04 (1) 
4230.52 (4) 30.62 (1) | S 30.76 (1) a? 
4235.54 (10) 35-67 (2.3)] K. 35.48 Date am hades 
4238.78 (5) 38.55 (3) | Kz 38.46; a? 
S 38.83 (1) 
4243.85 (8) 43.92 (1) K, 43.93 a?; ? Ne Il 4.17 (0) 
S 43.84 (1); 
M 44.09 

















382 





TABLE 2—Continued 











: » and Intensity 
Laboratory Wave in y Peg, Other Previous Identification ne 
Length and According to Observations (in Kiihlborn’s Table) ee 
Intensity a 
Kiihlborn 
AZ40205 (ees ha execs K, and K, 50.00; S Il 9.92; ? 
SD 9.83 (1) 
4253.62 (4) 53-63 (3-4) | S 53.66 (3); a § 111 3.59 (9); 4 
M 53.88 (2) a O Il 3.74 (4) 
Pe a nn eer err K, and K, 54.96 a?; S II 5.01 (0) 
4261.46 (4) 61.41 (2-3)}] M 61.56 a? 
4263.52 (4) 63.52 (1) S 63.81 (1 in 6 Cet);| a?; ? K 11 3.31 (7) 
4263.04 (4) M 63.67 (2) 
4271.47. (6) 71.63 (1-2)| S 71-78 (@); a?; ? P11 1.85 (1); 
M 71.74 (2 in ? Ca Ill ? 1.87 (7) 
6 Cet) 
Ce ae 6 Sn nee K; 73.44 (3);. a? 
S 73.35 (1 in 
y Peg); M 73.19 
. (x in y Peg) 
4286.13 (10) 86.2. (2) S 86.24 (1) a?; ? CII 5.96 (1) 
4291.11 (4) 91.26 (2) ? S 91.48 (2 in a OIl 1.22 (2); 
BC Ma) c § 111.45 (1); 
eForb rr @) 
4296.86 (—)* 96.93 (3) K, 97.04; a?; b Ne II 6.96 (0) 
S 96.54 (1) 
4304.81 (10) 04.79 (2-3) | Ki and K,z 04.83 a?;a K I1 4.94 (3) 5 
4310.37 (12) 10.31 (1-2)] K; 10. 22; a? 
SD 10.39 (1); 
S 10.54 (1) 

2.70 (4) 52.48 (1-2)] S 52.47 (1) a?; ? ArIl 2.23 8 
4365.56 (3) 65.66 (1) K,; 65.6 a Nell 5.72 (2) 8 
4372.41 (20) 72.404 (5) K,, K., and K; a?; b CII 2.49 (4); 6 

72.33; 9 72.30 (2); ? St 2.33 
SD 2.69 (1); 
M 2.30 (2) 
4372.88 ( RC oe) ee ee oe er 
4395.78 (6) 95.80 (4) K, 95.85; a O Il 5.94 (4); a? 8 
S 95.88 (2); 
M 95.86 (2) 
4419.59 (10) 19.601 (3) Ka. 56:55; a? 8 
S 19.62 ( ); 
M 19.67 (1 in 
BC Ma); 
SD 19.97 (1); 
B 9.4 (1-2); ete. 
4422.5 (s bb) | 22.33 @) K, 22.31; M 22.53 | a? 
(2 in 6 Cet) 
4430.95 (7) 31.08 (2) S 31.03 (2); a Ar II 1.02 (8); 8 
SD 30.99 (2) b § II 1.02 (1) 
Aas 86. Ce DEY baggie ee ieee eee ens a Al Il 7.8 (3) 
4483.48 (4) 83.43 (2) K, and K, 83.38; | a S 11 3.42 (6); 
S 83.24 (2) c P Il 3.66 (4) 
4483.91 (4) 84.07 (2-3) } Kz 84.10; a? 
SD 83.93 (1) 

















* Part of blending with Fe 1 of total intensity 12. 


t Part of blending with Fer of intensity 5. 
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TABLE 2—Continued 
Laboratory Wave ° ase paenaly , a a 
in y Peg, Other Previous Identifications : 
Length and : : mes ae | Notes 
intenaity According to Observations (in Kiihlborn’s Table) 
Kiihlborn 
4535-50 (5) RRC, DCT SONN 5 cata ais srarstnn esa a?;a SIV 5.69 (4); > 
? SII 5.7 (00) 
4545.16 (4) 45.21 (1) SD 44.9 (1) a Ar II 5.08 (10); 
b Pill 4.97 (2) 
4559.09 (6) 59.25 (1-2)} Kz 50.3; B 50.3 (2);| a? 
M 58.77 (2 in 
BC Ma) 
4570.34 (4) BOs Ga MG)! - Mev wticennew ee Re a? 
4573-14 (5) 72.84 (3-4) | K. 73.0 (1); a? 
SD 73.05 (1) 
4581.58 (4) 81.66 (3) K, 81.7 (2) a Pitt .76(s5); b? 
4591.84 (4) 91.98 (2) K, 91.9 (1); a? | 
SD 92.19 (1); | 
S 92.27 (2) 
4094.57 (4) 94.67 (1-2) | K. 94.4; S 94.67 (1)| a N 11 4.55 (3) 











. Fe 111 is probably not the only contributor. 
2. Multiplet 5p’P°—6s’S; low excitation potential, 20.5 
. Sharp line (impurity?). 
. Fe U1 minor contributor. 
. Fe 111 important contributor. 
. The two strongest unidentified lines in the early B-type stars. 
. Doubtful identification. 
. Previously published; predicted a’P —4p5P° multiplet; low excitation potential, 
8.2 volts. 
9. Multiplet sp7P°—5d7D. 


volts. 


Aun & Ww 


oon] 


Losh'® seemed superfluous in connection with the present work and 
have therefore been omitted. 

4. Visual region of the early B-type stars.—The lists of stellar ab- 
sorption lines in the visual region of the early B-type stars" are still 
of a rather preliminary character. It is not impossible that the two 
lines measured by Marshall in y Ori at 5001.36 (5) and 5127.51 (4) 
are actually the Fe 111 lines at 5002.02 (8) and 5127.32 (6), but these 
identifications are only provisional. In the vacuum spark a large 
number of fairly strong Fe 1 lines appear from \ 5000 to d 6200, 
including the multiplets a‘D — 4p°P°, 4d7D — sp’P°, 5s’S — sp’P’, 
and, probably also, 4d5D — 5p*P° and 5s°S — 5p*P°, which should 
all be found in suitable stellar spectra. 


11 Marshall, Ap. J., 82, 97, 1935- 


10 Pub. U. of Michigan Obs., 4, 1, 1932. 
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TABLE 3 


Be STARS 











WAVE LENGTH AND INTENSITY IN— 

LABORATORY WAVE Previous IDENTIFI- eo 

: siacess cee Hamel ee NOTES 

LENGTH AND INTENSITY ay Ci WE+-22°s670 CATIONS 
(Baldwin) (Merrill) 

gaee ie ‘Ce. isso ste areas 52.7 (6) 52.80 [Fe 11] I 
4372.40 (20) 72.55 (0.3) 72.1 (0) ? 72.46 [Fe I1] 
4389.5. ‘(compl -S2.62 (aus). ofc. cs haces oe. Pet OR MPS 2-8 I; 2 
4395.78 (6) 95.60 (0) O60: “(OP eceniwaceoeees 2 
4419.59 (10) 19.57 (1) LO: | ekinetmeanntanseel 2 
£490.05) Ge 9 Peeedcce.s Peers Sova (Oh Bibrnscc asdrtes 
wRemBe. Wa | Wrscmdore nasa aan 58.F (0) ? 58.05 [Fe II] I 

















1. Identification rather doubtful. 
2. Previously published. 


TABLE 4 








P CYGNI 
Laboratory Wave Absorption Emission 
‘ : : Notes 

Length and Intensity Line Line 

3600.93 (10) 99.56 (3) 00.88 (3 
3603.88 (9) 02.51 03.49 (2 
4039.12 (35) 37.13 (2) 38.74 (1 
4164.79 (20) Dis gee 64.07 3 


4352.7 (4) 7 suarastor's 52.07 
4372.41 (20) ae : 
4382.5 (comp.) 
4419.59 (10) 
4430.95 (7) 
4940.46 (4) 


om 
“NINN 


NSIW NOH 
oo 
° 
~I 
Www , ¢ 
SEs ORES LS 
te 


° 
> 


NFM RH NO 


DQ DOO X<—ONON 
> 
uw 
So 


5073-78 (3) 1 ME Be rsn shen cto 
5100.7 (10) 97 Bis Pee ces ere 

5127.32 (6) 25 2 27 (2) 2 
5155.97 ts 54 3 56 (3) I 
5193-90 14) g2 Be Nice cw mene pen ane 3 
5194.43 (4)! md ) 














. Identification rather doubtful. 
. Previously published. 
. Observed by E. K. Kharadse, Zs. f. Ap., 11, 304, 1936. 


wn 
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5. Fe ut lines in the spectra of Be and P Cygni stars.—The lists of 
wave lengths considered are due to P. W. Merrill (BD +11°4673)” 
and R. B. Baldwin (y Cass)'3 for Be stars and to O. Struve' (for 
P Cygni). Our results are summarized in Tables 3 and 4. 

In connection with this question it may be noticed that Fe m1 
offers a typical example of absorption lines starting from both me- 
tastable and non-metastable lower levels. This may be of interest in 
discussions concerning extended atmospheres.'s 

6. The ionization potential of Fe 111.—The septet and quintet sys- 
tems are now connected by intercombination lines. From three mem- 
bers of the ns’S series a Ritz formula gives the ionization potential 
of Fe 111 as 30.48 volts, which is in close agreement with our previous 
estimate,’ 30.3 volts. 

DEPARTMENT OF ASTROPHYSICS, UNIVERSITY OF LIEGE 
AND 
DEPARTMENT OF Puysics, UNIVERSITY OF UPSALA 
May 1939 
2 Ap. J., 69, 330, 1920. 13 Ap. J., 87, 573, 1938. 14 Ap. J.; 81, 73, 1035. 


5 See Struve, Astronomical Symposium of Western Reserve Academy, p. 52, Hudson, 
Ohio, 1938. 


MAGNITUDES AND COLORS IN THE GLOBULAR 
CLUSTER MESSIER 4 


JESSE L. GREENSTEIN 


ABSTRACT 

Magnitude sequences have been established in the giant-poor globular cluster, 
M 4, in both the photographic- and the red-magnitude systems. Each sequence involves 
two completely independent determinations. The magnitudes and colors of 660 stars in 
the cluster, to absolute magnitude (red) +1.4, have been measured and are given in 
Table 12. The cluster is found to be reddened by +0.8 mag. by the dark nebulosity in 
Scorpio-Ophiuchus. After correction for absorption the distance of the cluster is 1g00 
parsecs, the closest to the sun of the globular clusters. The color-magnitude array for 
the cluster stars, given in Figure 1, is similar to those found by Shapley. There is a 
peculiar group of blue stars near absolute-magnitude zero, distinguishing the cluster 
from galactic clusters and from field stars in the galaxy. Subgiants are very abundant, 
but bright main-sequence stars are completely absent. The cluster-type variables are 
similar to those in the galactic field; two longer-period variables are found to be very 
red. The frequency function of the magnitudes is analyzed, and various statistical 
properties are derived. The space distribution of fainter cluster stars is investigated by 
means of star counts. The expected velocity dispersion is found to be near 11 km/sec. 

Messier 4, NGC 6121 (a = 16°18, 6 = — 26°3), isone of the largest 
and most open of the globular clusters. It is also one of the small 
giant-poor class; the relatively small number of bright cluster stars 
makes it especially suitable for an investigation of the magnitudes 
and for statistical studies. Fast modern panchromatic plates lend 
themselves to the determination of color indices of faint stars. The 
work of Dr. Harlow Shapley on color-magnitude diagrams' for the 
brighter cluster stars can now be extended by using the Harvard 
photored-magnitude system established by C. Payne Gaposchkin.? 
The present investigation involves a determination of the magni- 
tudes and colors of all cluster stars to absolute magnitude +1.0. 
It is hoped to extend the magnitude scales to fainter stars and to sup- 
plement the present data with determinations of the spectral types 


and radial velocities of the brighter stars. 


OBSERVATIONAL TECHNIQUE 
The fundamental standards for the magnitudes of faint stars are 
in the northern sky; the cluster M 4 is too far south for accurate 
™See Star Clusters, Cambridge, 1930, for all detailed references to original publica- 
tions of Shapley and collaborators. 
2 Harvard Ann., 89, No. 5, 1935; No. 8, 1937. 
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work in the northern observatories. As a result, it was necessary to 
establish blue- and red-magnitude sequences in the cluster in several 
steps, which will be briefly outlined. A total of seven series com- 
parisons of the cluster with Harvard standard regions, available in 
the Harvard Observatory plate collection, were used to determine 
magnitudes of 77 cluster stars. These magnitudes are accurate to 
14™o and are required as confirmation of the zero point of the photo- 
graphic scale. Three direct comparisons of M 4 with the North 
Polar Sequence were also available. These plates were taken with 
the 60-inch reflector at Mount Wilson by Dr. Shapley and are used 
in this work with his kind permission. Because of the great zenith 
distance of the cluster these plates are used only to determine the 
scale from 14™0 to 16™8. The material is insufficient beyond 16™0. 
Precaution was taken to remove the effect of color and the distance 
correction from the Harvard refractor material. The distance cor- 
rection of the reflector plates was investigated and was found to be 
similar to that given by Seares.’ The final photographic-magnitude 
sequence contained 71 stars from 1o™g to 16™8; some fainter stars 
were added subsequently. 

The photographic magnitudes of a total of 866 stars were then 
determined. All stars to 15"6, photographic within 13‘5 from the 
center of the cluster, were measured, as well as fainter stars, com- 
plete to 16™3 in two ring zones at 2‘2 and 4‘ 5 from the center. Mag- 
nitudes for the brighter stars were measured on four 60-inch Mount 
Wilson reflector plates taken by Dr. Shapley and on four plates 
taken with the 24-inch Bruce refractor at Arequipa. Magnitudes for 
fainter stars in the crowded central zones were also measured on two 
plates taken by Dr. Duncan with the roo-inch reflector at Mount 
Wilson and very kindly lent to Dr. Shapley and the author. Meas- 
ures were made with a graduated scale of stellar images, the quality 
and definition of which matched the images on the plate. All mag- 
nitudes were combined with equal weight in the formation of a pre- 
liminary catalogue; the number of measures varied from three to 
ten per star, with an average of six. The sequence stars were meas- 
ured in the course of the systematic Durchmusterung of each plate, 
and their magnitudes were rederived to ascertain whether the meas- 


3 Mt. Wilson Contr., No. 80, 1914. 
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ures did, in fact, yield magnitudes on the same system as the original 
sequence. The mean residuals are found to be satisfactorily small, 
and no dependence on distance was found, so that the measured 
magnitudes are essentially on the same scale as the sequence stars. 
The mean error of a magnitude for one plate is +o0.09 mag.; the 
average mean error of a final magnitude is not far from +0.04 
mag. 

A complete independent redetermination of the photographic- 
magnitude scale was made with the 36-inch reflector at the Steward 
Observatory of the University of Arizona. Eleven series compari- 
sons of M 4 with Selected Areas 133, 135, and 136 were obtained. 
The magnitudes of 102 stars were thus determined on an average of 
seven plates and were then compared with the preliminary catalogue 
magnitudes. It was found that a scale difference existed which 
amounted to +o0.2 mag. at 12™5 and to —o.2 mag. at 17™. The re- 
sult is not unexpected, since only one Mount Wilson polar compari- 
son goes beyond 16™. The Steward Observatory material is not as 
dependable as the Harvard refractor material for the brighter stars. 
After proper weighting, a set of systematic corrections to the cata- 
logue was derived, and has been included in the final photographic 
magnitudes given in Table 12. 

The red-magnitude scale is based on the Harvard photored mag- 
nitudes? which have been established to 11™5 at the North Pole and 
in Harvard standard regions. The Eastman I-C Special plates were 
used, in combination with a Wratten No. 28 filter; the effective 
wave length is close to \ 6300. The scale in Harvard standard re- 
gion C12 (23", + 15°) has been extended to 15™ by means of grating 
plates taken with the 24-inch reflector at Oak Ridge. The grating 
constant (2.42 + 0.06 mag.) was determined by means of known red 
magnitudes in the Pleiades‘ and in the Harvard standard regions and 
by the method of disappearing orders. Eight plates were used to 
give the red scale to 13™5, and five in the range to 14™5; the scale 
is poor beyond that point. A sequence of 33 stars was established, 
with accidental errors of +0.05 mag.; the total uncertainty at 15™o 
arising from the grating constant should be of the order of +0.15 
mag. This sequence was used to establish red magnitudes of the se- 


4+C. P. Gaposchkin, Harvard Ann., 89, No. 2, 1932. 








390 JESSE L. GREENSTEIN 


quence stars in the cluster by means of eight series comparisons tak- 
en by Dr. Paraskevopoulos with the 60-inch reflector at Bloemfon- 
tein. The zero point could also be checked by four series compari- 
sons with the 24-inch reflector at Oak Ridge, using Harvard stand- 
ard regions C6, Cg, Cro, and C11. A red-magnitude sequence was 
established in the cluster over the range 9™6-14™7 and was used as a 
basis for the systematic Durchmusterung of the cluster stars. The 
measurement was carried through as before for 866 stars in the cata- 
logue, on seven reflector plates (taken at Bloemfontein) and two 
24-inch Bruce refractor plates. The number of measures varies from 
two to eleven per star, with an average of five. The mean errors are 
nearly the same as in the case of the photographic magnitudes; they 
average +0.05 mag. for a final determination on the red scale. 

A complete rederivation of the red-magnitude scale was made by 
means of plates taken with the 36-inch reflector at the Steward Ob- 
servatory. The zero point was redetermined by means of five series 
comparisons with Harvard standard regions C7, Cg, and Cro, using 
stars to 12™o; the correction was found to be small, i.e., +0.06 +0.02 
mag. Eight direct exposures on Harvard standard regions (red) and 
Selected Areas (blue) were used to determine the grating constant of 
an objective grating built by L. Stoddard. Three long-exposure 
grating plates were then obtained to extend the red scale from 120 
to 14"4. The magnitudes of 72 stars were thus determined and com- 
pared with the catalogue magnitudes. This yielded, finally, a syste- 
matic correction which ranged from +0.06 to +0.20 mag. The cor- 
rections have been applied to the red magnitudes given in Table 12. 
Because of the lack of sufficient data for stars fainter than 144, they 
have been omitted from the catalogue and the discussions. It is 
hoped to extend this investigation to fainter stars. The catalogue 
contains 660 stars for which the magnitude scales and the measured 
magnitudes are of high weight. 

The variable stars discovered by Miss Sawyer® were included in 
the regular measurement of the cluster. Their mean magnitudes are 
given in the catalogue. Several stars were suspected of variability 
because of large residuals. An unfortunate distribution in time of 
the plates measured makes it undesirable to use the residuals in a 


5 Harvard Circ., No. 366, 1931. 
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search for new variables. The number of undiscovered variables is 
probably small, and no indication of variation was found for any 
star fainter than the cluster-type variables. 


THE CORRECTION FOR SPACE REDDENING 
Before discussing the color-magnitude diagram of the cluster, cor- 
rection must be made for the effect of interstellar absorption on the 
magnitudes and colors of the cluster stars. Space reddening will re- 
sult in a shift of the zero point of the relation between color and spec- 
tral type. The cluster lies behind a region of irregular clouds of ob- 
scuring material connected with the dark nebula in Scorpio-Ophiu- 
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chus. The surface density of stars varies sharply across the region of 
the cluster, and consequently the use of star counts for the deter- 
mination of the total absorption in the dark nebula is subject to 
some uncertainty. 

Star counts were made to various magnitude limits in fields sur- 
rounding the cluster in which no dark nebulae could be detected. A 
total area of 3 square degrees was counted. These fields were at a 
mean galactic latitude of +11°, and the counts were transformed to 
hypothetical counts at the latitude of the cluster. An area of 2 
square degrees outside of, and immediately surrounding, the cluster 
was counted. The final adopted counts, Am, in the normal and the 
obscured areas are given in Table 1, in terms of the number per 
square degree between m+o0.5 and m—o.5. It is possible that the 
counts at 13™5 are affected by the cluster stars at considerable dis- 
tances from the center. 
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The absorption is large at the tenth magnitude, so that the dark 
nebula is probably less than 150 parsecs distant. The run of the 
counted numbers in the obscured area approximately parallels that 
in the normal area and corresponds to a photographic absorption of 
about 2 mag. The star counts in the normal region are probably 
affected by the general absorption covering the Scorpio-Ophiuchus 
region, as shown in the star counts of Lindsay and Bok.° We may 
estimate that the total obscuration in front of the cluster is at least 
2.5 + 0.5 mag., if we assume that there is no absorbing material be- 
yond the Ophiuchus dark nebula. If the interstellar extinction co- 
efficient varies as \~', then this photographic absorption corresponds 
to a reddening of 0.75 mag. on the red index scale. 

A measure of the reddening of the integrated light of the cluster 
is available in the data of Stebbins and Whitford.?, The mean in- 
trinsic photoelectric color of the three giant-poor clusters, NGC 4147, 
5466, and 7492, is —o.17 + 0.04 mag., when corrected for the general 
reddening given by the cosecant relation. M 4 has a color of +0.05 
mag., so that the reddening is +0.22 + 0.05 mag. After conversion 
to the red index scale, we obtain a reddening of +0.78 + 0.18 mag. 
A similar estimate can be obtained from the color indices of globular 
clusters given by Vyssotsky and Williams.* No measures of unred- 
dened giant-poor clusters are included, but their data indicate that 
the color excess is at least +0.7 + 0.1 mag. 

An indirect estimate of the reddening may be obtained from the 
color of the bluest stars in the cluster field. If any field stars behind 
the dark nebula have been measured in the course of the survey of 
the cluster, we may obtain an upper limit to the reddening by as- 
suming that the stars are intrinsically very blue—for example, B 
stars with true red indices of the order of —o.4 mag. The two bluest 
stars that occur in regions of the color-magnitude diagram in which 
cluster stars are infrequent are found to have colors of +0.57 (at 
1r™r) and +0.53 (at 14™4). The maximum reddening may conse- 
quently be assumed to be +1.0 mag. 

Another estimate of the reddening can be obtained from the col- 
ors of the cluster-type variables in M 4. The difference between the 


6 Harvard Ann., 105, No. 14, 1937. 
7 Ap. J., 84, 132, 1936. 8 Ap. J., 77, 301, 1933. 
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red and the blue median magnitudes of 28 cluster-type variables is 
+0.93+0.06 mag. There is no available series of measures of the 
true red colors of the galactic cluster-type variables. If we adopt a 
median spectral type’ of A7, we obtain a predicted red index of 
+o.12 mag. Shapley has measured the median yellow index’ of the 
variables in M 3, M 5, and M 15, which he gives as +0.33; this is 
equivalent to +-0.14 on the red scale. The reddening of the variables 
in M 4 may be estimated as +0.80 mag., with an uncertainty of 
+0.1 mag. 

The results of these very different methods of estimating the red- 
dening of the cluster stars are essentially accordant. We shall arbi- 
trarily adopt the value of +0.8 mag., obtained after weighting the 
various values, as the reddening of the cluster. The error should not 
be larger than +0.1 mag., a quantity of the same order as the total 
photometric uncertainty of the zero point of the measured colors. 
To a certain extent this correction for space reddening will contain 
possible errors of the zero point, and by applying such a correction 
to the measured colors we shall be able to interpret them in terms of 
spectral type. We shall also assume that the median photographic 
magnitude of the cluster-type variables is 0.0 mag.; the median red 
absolute magnitude is, then, —o.13 mag. The adopted reddening 
of +o0.8+0.1 mag. corresponds to a photographic absorption of 
2.6+0.3 mag. The apparent photographic modulus is 13.97; the true 
modulus becomes 11.4, and the distance is 1900 + 200 parsecs. The 
cluster is probably the nearest to the sun of the globular clusters. 


COLORS AND MAGNITUDES OF CLUSTER STARS 


The color-magnitude arrays for stars inside and outside a circle 
of radius 4/5 were first investigated. No significant difference be- 
tween these two diagrams was found, except that in the outer zones 
considerable scatter is introduced by the greater percentage of field 
stars and the larger photometric accidental errors. No systematic 
photometric errors seem to exist as a function of distance from the 
center. The color-magnitude array for all 660 measured stars bright- 
er than 14™4 is given in Table 2 and in Figure 1. The stars are 
grouped in the table in intervals of 0.2 mag. in red index and 0.4 mag. 
in red magnitude. The probable intrinsic red indices, C;, are given 
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in the second row, the absolute red magnitude in the second column. 
The survey is incomplete at 156, photographic; all counted num- 
bers in the region of incompleteness are given in italics. The number 
of variable stars at a point in the array is given as (7), to be added to 
the number of nonvariables. Table 3 gives the color-magnitude ar- 
ray for 117 stars in the two rings at 2‘2 and 4‘5 from the center of 
the cluster. Except for stars fainter than 14™0 with red indices 
greater than +2.2 mag., there is no incompleteness. The stars are 
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all plotted in Figure 1, without distinction as to photometric qual- 
ity. 

Table 2 is incomplete, but by the use of the data of Table 3, which 
is essentially complete, we may obtain the frequency distribution of 
the colors of all stars brighter than 14™4, myp,. Corrections for the 
presence of field stars were first applied, and the hypothetical fre- 
quency function derived, which is given in Table 4. Except for the 
abnormal group of blue stars near absolute-magnitude zero, there 
exists only a small dispersion of intrinsic color about the value +0.8 
mag. The dispersion in spectral type must be correspondingly small 
for the brighter stars. 

The essential features of these diagrams are the same as in the 
yellow-index-magnitude diagrams of Shapley.‘ A nearly vertical 
supergiant branch reaches the absolute magnitude (red) of —3.0 
mag. There is a very small dispersion in color in this supergiant re- 
gion; the mean color decreases toward the fainter stars. Among the 
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supergiants probably only a small range of spectral type exists. A 
very striking feature is the group of stars with absolute magnitudes 
between —o.4 and +0.4 mag. At this range a group of blue stars 
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Fic. 1.—The color-magnitude diagram in M 4. C, is the observed red index and 
C} the index after correction for space reddening. my,p, isthe apparent red magnitude 


and My,p, the absolute red magnitude. 


occurs, with small dispersion in absolute magnitude and with a very 
wide range in color (C; from —o.3 to +0.8 mag.). Below this mag- 
nitude the supergiant group seems to be continued toward the sub- 
giants with a tendency for increasing blueness. The subgiants are 
very numerous. There are considerable regions of the diagram 
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which are essentially empty—for example, main-sequence stars of 
types B and A brighter than Myp, = +1 are definitely absent. There 
are few, if any, supergiants in the A and F region, or later than Ks. 
Normal giants in late K and M classes are probably also absent. 
There are ten stars in Table 2 brighter than 12™4, with observed 
colors between 0.4 and 1.4 mag.; the expected number of field stars 
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in an equal area of the sky is six. It is probable that all the bright 
blue stars are field stars; in Table 3, where the number of field stars 
is small, that region of the diagram is entirely vacant. 

The point in the diagram at Myp, = o and C; = +0.8 mag. is of 
particular interest as the common point for two very different groups 
of stars. In one group, stars of a nearly constant luminosity near 
that of the cluster-type variables show a wide range of possible tem- 
peratures and, therefore, of radii. In the other group, the luminosity 
and radius both vary, with the surface temperature remaining al- 
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most constant. The surface temperatures of the group of stars at 
Mup, = 0 may be estimated, from the colors, to range from 15,000" 
to 6000°. This implies, for a constant luminosity, a sixfold variation 
of radius; a very selective process must be responsible for the existence 
of the group. At the crossing-point of the two groups a star with 
a uniquely determined radius, luminosity, and presumably a unique 
mass is capable of ‘‘evolving’’ in two different directions. The be- 
havior of a two-parameter family of stars, differing in mass and 
in mean molecular weight, does not seem sufficient to describe 
the features of the globular-cluster, color-magnitude diagram. In 
galactic clusters such an interpretation meets with considerable suc- 
cess.? It should be remarked that the general appearance of the col- 
or-magnitude diagram in M 4 is almost completely different from 
that of any galactic cluster—the brighter stars fill those regions of 
the diagram avoided by stars in the galactic clusters. The color- 
magnitude diagrams of Shapley for M 3, a cluster rich in variables, 
is hardly different from that of M 13, which is remarkably poor in 
variables. They both resemble M 4, which has a peculiar deficiency 
only in the number of supergiants. The globular clusters seem to 
form a very homogeneous class, as far as the constitution of the 
brighter stars, at least, is concerned. This homogeneity is, in a sense, 
another significant difference from the galactic clusters. 


THE FREQUENCY FUNCTION OF CLUSTER STARS 

Perhaps the most striking feature of the frequency function of 
cluster stars is the group of stars at absolute-magnitude zero, and we 
shall first investigate them more closely. We shall arbitrarily divide 
the stars into two groups with observed colors smaller or larger than 
+1.40 mag. The numbers of blue stars, Vp, and of red stars, V,, in 
intervals of 0.1 mag. in myp,, are given in Table 5. Thirty of the 
blue stars and five of the red stars are cluster-type variables. Six 
field stars may be expected in the magnitude range covered by the 
table. The blue stars show a remarkably sharp concentration about 
1305, Myp,. The mean magnitude is 13.06 + 0.01 mag., 0.02 + 0.03 
mag. fainter than the cluster-type variables. The computed dis- 
persion of the magnitudes about the mean is +0.20 mag. The dis- 


9 Kuiper, Harvard Bull., No. 903, 1936; Ap. J., 86, 176, 1937. 
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persion includes the errors introduced by grouping, the variability of 
the 30 variables, the measuring error, and the presence of field stars. 
When we exclude as field stars those brighter than 12™60, and the 
group at 13™45 as belonging to the subgiants, we leave 127 stars. 
The total dispersion of the blue stars is then + 0.12 mag.; the intrin- 
sic dispersion may be less than +0.09 mag. The red stars also show 
a maximum near 13™05, but the distribution curve is much flatter. 
This group of blue stars, close to the median magnitude of the clus- 
ter-type variables, produces the preliminary maximum in the fre- 
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quency curves of the stars in globular clusters discussed by Shapley. 
Furthermore, the globular clusters are sharply distinguished from 
galactic clusters and field stars in the galaxy, by this group. 

The general frequency function of the photographic magnitudes 
is given in Figure 2, as the number of stars between m—o.1 and 
m-+o.1. It is obtained from the catalogue, with the addition of 200 
stars for which red magnitudes were uncertain. Since incomplete- 
ness exists for stars fainter than 15™6 in the Durchmusterung of the 
cluster, the frequency of the fainter stars was derived from that given 
by the survey in the inner ring zones. The assumption that the fre- 
quency function does not vary strongly with distance from the cen- 
ter of the cluster is supported by the relative frequencies in the ring 
zones and in the entire cluster. 

To supplement these counts based on the actual survey of the 
cluster, counts to various limiting photographic magnitudes have 
been made on a one-hour exposure taken with the 60-inch reflector 
at Bloemfontein. The counts cover an area of 0.11 square degree 
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centered on the cluster. The magnitude scale is subject to consider- 
able uncertainty for the fainter stars and is affected by the dense 
background fog near the center of the cluster. The resultant fre- 


110 


100 


go 








a — ——— =. 
e | 
L | \ 
} & | 
\ 
2 | 
| 
—_ \| 
‘ 
e 
2 
J ® 
e 4 \ 
/ x 
7 “i 
| 
= / 
/ 
® 
* 
jek... | | bi 
12 13 14 15 16 





Mpg 


Fic. 2.—The frequenty function of cluster stars. The number of stars is given with 


magnitudes between mpg + 0.1, and mpg — 0.1. 
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quency function, fitted smoothly to that of the brighter stars, should 
be viewed as only approximate. It has been smoothed, corrected for 
the presence of field stars, and is given in Table 6 as the number of 
stars, A,,, between m+0.5 and m—o.5. The luminosity function of 








400 JESSE L. GREENSTEIN 


stars in the galaxy, (1), according to van Rhijn,'® adjusted in zero 
point, is given in the third column. The differences show clearly the 
excess of cluster stars at M,, = —1,0; the deficiency at M,, = +1, 
+2 probably arises from the absence of bright main-sequence stars 
in the cluster. The actual number of stars counted was ~ 104, and 
the estimated total population of the cluster, based on the van 
Rhijn luminosity function to M,, = +13, is 10°. If we adopt Luy- 
ten’s values for the frequency of intrinsically fainter stars,"' the 
total population is 3 X 10° stars. 

In considering the population of the cluster, we must not forget 
that M 4 is a dwarfish cluster compared to other clusters in the gal- 
axy. We lack extensive surveys of the richer clusters, but most of the 
clusters investigated contain a larger number of giant stars. Only 
210 stars brighter than M,, = +0.5 are foundin M 4. In M 3 there 
are 600, and in M 13, 1ooo stars brighter than this limit. The ab- 
solute photographic magnitude of M 4 can be obtained from an in- 
tegration of the light of the catalogued stars, extrapolated by the 
counts of the fainter stars. For the objects in the catalogue the in- 
tegrated absolute photographic magnitude is — 6; including the stars 
counted to M,, = +5, the result is —7.2. The integrated color 
cannot be obtained because of the unknown color of the fainter stars. 
For the catalogue stars the integrated color is +1.56 mag. on the 
red index scale, corresponding to gK7. The observed photoelectric 
color class’ is gG4, and gG7 according to Vyssotsky and Williams.* 
The difference can be explained on the assumption that the cluster 
stars fainter than Myp, = +1 are considerably bluer than the 
brighter stars. 

The asymmetric nature of the luminosity function of the cluster 
stars leads to a statistical error which may be of some general inter- 
est. The observed differences between the median magnitudes of the 
cluster-type variables and of various typical stars in the cluster 
field have been determined. Shapley" has used extensively the dif- 
ference between the median magnitude of the variable, m,, and 
the mean magnitude of the 25 brightest stars in the cluster, 
m,;, the sixth brightest star, ms, and the thirtieth brightest star, 
Mz. The observed values of these differences are given in Table 7 


1° Groningen Pub., No. 38, 1925. 1 M.N., 98, 677, 1938. 
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for the whole area of the cluster and for the two inner ring zones. 
For comparison the table contains in the fourth column the values 
adopted by Shapley for giant-poor clusters in his homogeneous sur- 
vey. The essential features of the discrepancy are present if we use 
the catalogues of stars in M 3 and M13. The frequency function of 
cluster stars is responsible—the smaller the area surveyed, the small- 
er will become the difference between the magnitude of the brightest 
stars and the fixed median magnitude of the cluster-type variables. 
The effect is clearly visible in Table 7, where the adopted values 





TABLE 7 
Am | Am Am 
Whole Cluster Inner Zone Shapley 
MyM: ... +oM™g86 +o1o0 +o™44 
My-M6 .....- I.37 + .47 04 
Mr-M3o . 002.5. +0.67 —o.20 +0.03 











used by Shapley are intermediate between the value for the whole 
cluster and that for the smaller ring zones. In a survey of all clusters 
with a uniform technique such difficulties may be minimized. 


VARIABLES IN THE CLUSTER 

Miss Sawyer’ lists 33 variables in M 4. Variables No. 4 and No. 13 
of her list are bright, longer-period variables; No. 17 does not vary 
appreciably, and Nos. 20 and 33 were not measured. The colors of the 
two longer-period variables are not accurate, since the time-mean 
magnitude over only part of the light-cycle is available. Variable 
No. 4 has a red index of + 2.35 mag., one of the largest in the cluster. 
If the variable is actually associated with the cluster, it may be a 
normal, long-period variable with the rather small intrinsic color of 
+1.4mag. The observed photographic range is only 0.8 mag.,” and 

2 Dr. Helen S. Hogg (formerly Miss Sawyer) has been good enough to inform me, in 
advance of publication, of the results of her investigation of Variable No. 4. She states 
that the star is a semiregular variable of moderate range. The periods of variation 
range from fifty to seventy-five days, and the star may be similar to UU Herculis. Miss 


Cannon has classified the star as K2, in excellent agreement with the color class ob- 
served in the present investigation. 
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the star may be a peculiar object like the bright non-Cepheid vari- 
ables in other clusters (e.g., No. 95 in M 3)."3 Variable No. 13 also 
has a small observed range on these plates and a color of + 1.86 mag. 
Both the variables seem to lie close to the supergiant branch of the 
cluster. Their spectra should be of considerable interest. 

The data for the cluster-type variables do not establish any de- 
pendence of their magnitude or mean color on their period. The ob- 
served mean of the photographic median magnitudes is 13.97 + 0.05 

yielding a total dispersion of +0.27 mag. In the red the mean 
median magnitude is 13.04 + 0.03 mag., and the total dispersion is 
+o.18 mag. The largest part of this dispersion arises from the vari- 
ability of the stars. The mean observed range is 0.93 mag. in the 
photographic and 0.55 mag. in the red. These ranges, of course, are 
not the total ranges of the variation. They indicate, however, that 
the change of temperature during a light-cycle is not a small one. 
If the stars radiate like black bodies at all times, the change in 
gradient is of the order of 0.5 during a cycle. For blue stars this in- 
volves a variation in temperature of the order of 5000°. Such be- 
havior is similar to that found for galactic cluster-type variables.'! 

The known cluster-type variables are 35 in number. While others 
may exist, it seems improbable that their number is large. We should 
investigate the possibility that the large excess in the frequency of 
stars near Myp, = o may be caused by the presence of large numbers 
of variables of small range. In Table 5 we find 116 blue stars and 112 
red stars between 12™80 and 13™30, myp,—-an excess of about 150 
stars over the smooth frequency-distribution. Variables of normal 
range cannot possibly account for more than 45 of the blue stars 
leaving perhaps too stars as possible variables of very small range. 
An investigation of the residuals of the measured magnitudes on 
various plates, from the mean magnitude of each star in the sus- 
pected region, is not conclusive as to the reality of the variations. 
Four 60-inch plates were used, and 25 stars were selected at random 
from the catalogue in each of the tabulated groups. The average de- 
viations from the mean are given, as well as the sampling error and 
the mean magnitude for each group, in Table 8. 

13 Greenstein, Harvard Bull., No. go1, 1935. 


™ Norman, Pub. A.A.S., 9, 162, 1938. 
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In the photographic magnitudes the accidental error seems to be 
generally larger for the brighter stars, but no significant increase of 
the mean residual is apparent for the blue stars at M,, = 0. In the 
red the situation is actually reversed, so that we may conclude that 
no significant excess variation can be proved to exist for the blue 
stars at the magnitude of the cluster-type variables. A more con- 
clusive investigation of this possible explanation of the peculiar form 
of the color-magnitude diagram is to be desired. 


TABLE 8 


MEAN RESIDUALS, PHOTOGRAPHIC 











Range of Mag. Cc, v pg Mog 
13.75-14.25 eal eee 0.0960 +0.007 S362 
13. F584 25. = css PLA 098 008 13.82 
<12.75,; 214.25 ee 092 007 13.78 
> 14. 25 - : Pe ley 0.008 0.005 14.73 














MEAN RESIDUALS, RED 








Range of Mag. Cc, v HPr MHPr 
12 .QO0-13.25 i.2 ©.075+0.004 13.00 
£2. 50-83 ..50 wid o8o0 005 13.08 
<12/75,. 283.25 >1.4 0.092 0.006 13.07 














SPACE DISTRIBUTION OF CLUSTER STARS 

Star counts on 1oo-inch reflector plates were made near the center 
of the cluster to determine the centroid of the cluster and its ellip- 
ticity. However, 1205 stars to m,, = 17.5 showed no definite evi- 
dence of ellipticity. Counts were made on the long-exposure, 60-inch 
Bloemfontein reflector plate for the areal density of the cluster stars. 
The counts, reaching m,, = 19.3, were made in réseau squares over 
a radius of 12’ from the center of the cluster, and they are approxi- 
mately free from distance correction as far as 7’ from the center. 
The total counted number is 10,300. The counts, tabulated by réseau 
squares, have first been summed over twelve sectors, with 0.7’ < r 
< 6’; the total number of stars involved is 5925. The counted num- 
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ber for each 30° sector, .V(6), is given as a function of position angle 


in Table 9. A least-squares solution yields 
N(0) = 494 + 40 sin (20 — 52°), 


with residuals given in the last row of the table. The position angle 
of the major axis is 71°, and the ellipticity is 0.85, in good agreement 
with estimates made by Shapley.’ 

The comparison of the areal density (AD) of the stars, for the in- 
ner rings, with those found from the counts on the 1oo-inch reflector 
plates shows that the 60-inch counts are not complete to 19™3 in the 


TABLE 9 


COUNTS FOR ELLIPTICITY 


“ee ee ne pei ie ay | 























Pix wcesnk | 45 5 75°| 105°] 135°} 165°] 195°} 225°} 255°) 285°! 315" 345° 
V(0).....] 407] 497] 563] 515| 478] 455] 487] 4021 543 482 | 472| 444 
O—C | +18 =22:|'=-20 bial inte +or1 | +08 bes hae — 27 03 | —10 
| | | 1 | ee os ee Pe | | 
TABLE 10 
AREAL AND SPACE DENSITIES, RING COUNTS 
| | 
r AD/mm? D/mm$3 | r AD/mm? D/mm3 
3 “> ae ae : | : 
O. 59 25:: | 5-2 RE 0.35 
rl. 27 5.4 |} 6.1 4.6 | 0.35 
2.4.. 17 2.4 | 7° 3-4 | 0.28 
Cee: oe II 2 | 7-¢ A oO. a4 
VS: ee 5.2 | 0.95 | 8.8. O.4!I 0.44 
i] 








center. The ratio of the areal densities for zones in which both the 
60-inch and the 1oo-inch counts are trustworthy yields a correction 
factor to be applied to the inner zones of the 60-inch counts. The 
areal density, so corrected, is given in Table 1o for ten concentric 
ring zones up to a distance of 9’ from the center of the cluster. The 
densities are given as the number of stars per square millimeter on 
the plate. The total counted number is 8714 stars; the corrections 
applied to the inner zones involved 4oo stars. Corrections for the 
field stars were applied, and then the space density, D, per cubic 
millimeter, was determined by the method used by Wallenquist." 
These densities are inaccurate for the central and for the outermost 


15 Bosscha, Obs. Ann., 4, No. 5, 1933. 
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zone. In the latter case an error arises because the counts do not 
reach the outer boundary of the cluster; the derived value of the 
density for the outer zone is too high, since no correction for stars 
projected upon it from more distant zones has been made. The ac- 
tual radius of the cluster is at least 15’, or nearly twice that involved 
in the counts. 

A better determination of the space density in this case can be 
made by the method suggested by Plummer."® A total of 8100 stars 
was counted in vertical and horizontal strips across the cluster. These 
counts were averaged on the assumption of spherical symmetry and 


TABLE 11 








r D/mm3, Strip D/mm3, Mean D/pse3 r in Parsecs 
0. 22’ 28.6: 33 2100:: 0.12 
0.66 , oer 12 770 ©. 36 
ee 4.60 5.8 370 0.63 
Bhan aaa a 2.6 a2 210 0.87 
2.0 1.4 1.8 120 Py 
ee ‘2 1.4 go 1.4 
2.9 0.9 0 64 1.6 
a 0.8 0.8 52 1.9 
oo: ae eae 0.6 0.7 46 2% 
yon Fae 0.3 0.6 42 2.4 
4.8.. 0.3 0.5 31 2.6 
ee 0.2 0.3 10 2.9 
& 6, Ons 0.2 IO ZI 

















smoothed. The space-density distribution in the second column of 
Table 11 was then obtained. The shape of this function is similar to 
that in Table 11, but the number of stars involved is different. On 
normalizing the two density distributions and taking means, we ob- 
tain the final adopted space density per cubic millimeter in the third 
column of Table 11. This has been transformed to the number of 
stars per cubic parsec in the fourth column; the fifth column gives 
the distance, in parsecs, from the center. The form of the density- 
curve differs from those found by Plummer for the brighter stars in 
other clusters. In M4 the density is too high at the center, and it 
also falls off more slowly in the outer portions of the cluster. 

Too much weight may not be attached to the detailed form of the 
space-density distribution. It permits us, however, to estimate the 


16 M.N., 71, 460, 1911; 76, 107, IQI5. 
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gravitational potential as a function of the distance from the center. 
We can assume that the stars counted (to M,, = +5) have a mean 
mass of 2© and represent about one-third of the total mass of the 
cluster, as they do in the galaxy." A numerical summation then 
gives the course of the potential as a function of distance. The po- 
tential varies rather slowly in the central regions of the cluster, from 
6.5 at the center to 3.1 at 2.5 parsecs (in arbitrary units). Within the 
distance of 2.5 parsecs, 50 per cent of the cluster stars will be found. 
We may take the mean value of the potential to be about 4 for the 
body of cluster stars, or about 1.2 X 10” in c.g.s. units. If we assume 
that the mean kinetic energy of the cluster stars is half the mean po- 
tential energy, we obtain a value for the root mean-square peculiar 
velocity of the cluster stars. This value is 11 km/sec, the order of 
magnitude of the velocity dispersion to be expected in the cluster. 


Stars 1-271 of Table 12 are identified on the chart in Plate IV. The 
identifying numbers are placed immediately to the right of the star 
referred to. Stars 272-662 are identified on Plate V for the outer re- 
gions of the cluster. Table 12 contains first the catalogue number of 
the star, then the photographic magnitude minus 10, with the deci- 
mal point omitted; the red magnitude minus to follows in the third 
column, similarly. (In the few cases where the apparent magnitude 
is less than ro, the magnitude itself is given.) The fourth column 
contains the red index, which is always positive. The last column 
contains remarks as to the quality of the magnitudes and colors. 
Stars with five or more measures in each color are quality ‘‘a’’; those 
with three or four in each are quality “b’’; those with two or less are 
quality ‘“‘c.”” The mean errors for each quality class are given as 
shown in the accompanying tabulation. Stars whose image is some- 








, Quality m.e. of Mag. | m.e. of Color 
ee +0038 +o™054 
Bs o. enact 048 .008 
in se hrs iy +0.057 +o0.081 











times blended with that of another fainter star are identified by the 
symbol “‘d’’; those for which the blending is particularly large are 
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INNER REGION OF MESSIER 4. STARS 1-271, ON RED PLATE, SCALE 378/MM 
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TABLE 12 


MAGNITUDES AND COLORS OF CLUSTER STARS 

































































Star Mpg mHPr C Notes Star Mog MHPr ce Notes 

ae 439 298 141 a 55 522 403 119 a 

2.. 499 | 310] 174 a 50.. 534 | 387 | 147 c 
3 527 361 166 a 57 419 204 125 a 
4 393 | 323 | 070 a 58. 557 | 495 | 152 c 
oe 390 209 og! Vio 59 398 285 113 a 
6 304 190 174 a 60. . 356 171 185 a 

7 379 315 064 a ee 500 332 168 a 
ae 500 330 170 a 66 s.0033:3)* 368 300 098 V22 
9 378 218 160 da ee 304 280 075 a 
10 573 | 439 | 134 db |} 64......] 553 | 400] 144 c 
II 607 | 434 173 a 05... 404 | 325} 079 na 
12 576 430 140 a 66 ae 432 292 140 a 
13 500 | 327] 173 a || 67......| 389] 304] 085 | dV25 
14 581 439 142 db 68 | 540 389 151 c 
15 44! 302 139 da 66: 2. 390 | 320] 070 a 
se 380 | 308 | 072 da 70 5390 | 375 164 a 
17 309 298 IOI a 71 473 309 164 a 
18 ; 514 339 175 a a2 401 310 181 a 
1Q.. 472 303 169 da 73 548 400 148 a 
20 526 397 129 db 74 330 139 IgI a 
21 560 | 414] 146 da 75 583 | 438] 145 b 
2 356 IgI 165 a 760 538 375 163 a 
23 452 276 176 da a7 559 400 159 da 
24 574 427 147 da 78 480 | 301 179 a 
ae 564 429 135 a 79 : 3g1 342 049 a 
20 553 402 I5I a 80 499 332 107 a 
27 229 135 192 a 81 487 312 175 a 
28 S75 425 150 a 82 370 216 154 db 
29 429 | 305 124 a 83 485 313 172 da 
30 306 229 107 a 84 407 207 170 da 
31 .| 330] 230] 109 a 85 574 | 390] 178 db 
ee 522 | 352] 170 a || 86 334] 151] 183 a 
33 438 | 303 | 135 ddb || 87 488 | 315 | 173 a 
CY ae 428 313 115 ddb 88 506 340 160 a 
35....<.|' 400 238 168 a 89 461 285 176 a 
36 515 340 169 a go 434 273 101 a 
Ca 385 281 104 a gl 569 433 136 a 
ae 3606 306 | o60 V8 OF. 3 oe SA 373 170 b 
Lt 442:| 317 125 Vo |] 93 568 | 412 156 da 
40 405 351 054 a 04 391 311 080 a 
Al cans 414 338 076 dda 05 542 319 223 na 
42 . 549 | 386 163 da 96 506 | 349 157 dna 
43 567 | 425 | 142 a || o7......| 402] 335] 157 dna 
4A. :. 517 341 176 a 98 584 | 431 153 dde 
4... 340 138 202 a 99 544 | 370 174 ddnc 
46 385 | 303] 082 a || Io0o.. 503 | -323 180 ddne 
47 383 203 180 a IO! oof @7a 208 174 ddne 
AS... =. 414 288 126 V16 || 102 435 268 167 | dnV17 
49 563 | 430 | 133 dc || 103.... 373 | 203 | 080 na 
50 483 386 007 ir a to” a ee 7 209 145 | ndV18 
5... 506 | 333 | 173 a |} 105 513 | 335 | 17 ddnb 
52 | 543 3977 166 a || 106.. 408 | 342] 066 dna 
St EE 526 362 164 a 107 481 314 167 na 
54 538 382 156 a || 108 5 406 237 169 daa 
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TABLE 12—Continued 



















































































Star Moe | MHPr & Notes | Star | Mg | MHPr | C, | Notes 
| | 

ee 492 | 321 171 dna | "ERY soy | 257i 1701 na 
PEO! scs05il| AOY 335 072 dna || 164......| 302 229 163 na 
2 Ree 569 435 134 dnc | MGS: acl) aa 295 140 dna 
US (- eee 471 317 154 dna, |] 166.....:) 410 311 099 dna 
it open 286 079 207 nb E07... seach’ BOO 434 155 | c 
‘o> 527 356 171 dna | 168. 2... 559 | 418 141 nb 
2 ee 541 374 107 na 260... 415 252 163 ddnb 
Cae 408 292 170 na | > Pera 550 408 142 | dne 
© ty ae 361 305 056 na | Le | ae 581 410 171 dne 
118 313 220 093 ddnb || 172 381 308 073 dna 
119 342 172 170 dnb |} 173. 305 323 072 dna 
RIO V2.2 444 316 128 dna || 174. 554 383 171 de 
Kai... 303 342 OSI na |] 175.. 450 308 142 dna 
E22 as ces) Bad 322 062 ddnb | 176 406 205 171 dna 
123 .s| g48 367 181 ddnc |] 177. 374 231 143 dna 
CT oo 565 | 385 180 ddne |} 178 546 | 393 153 ne 
125 ; 551 431 120 dnc || 179 359 277 082 nV21 
126 575 309 176 dnc || 180 404 305 159 dna 
Wy Aaa met 304 178 na || 181 440 240 200 dnb 
ie ne 409 308 10I Waa it) 262s: 327 135 1g2 na 
129 427 249 178 | Ros ge 300 277 og2 | dnV23 
130 s.| 2550 413 146 dnb || 184 448 301 147 dna 
E37... | 532 386 147 de | 185 519 321 198 na 
£326.05 303 218 75 na 186.. 526 307 129 dna 
1 or 387 198 189 na || 187 458 278 180 na 
134. 359 166 193 a 188 548 409 139 c 
i ae 402 222 180 a || 189 402 209 133 na 
136 552 | 307 155 da || 190 417 287 130 na 
137 483 | 308] 175 da || 191 337 | 134 | 203 na 
138 391 324 | 067 da || 102... ... 548 | 402 146 c 
139 | 375 228 147 Bi chOs.. 6. a1) aes 204 I5I na 
BROS os <- 366 302 064 a i} 164.....: 558 438 120 c 
I4I 2] “S52 406 146 a || 195 501 327 174 na 
Acco! eid 280 182 ddb || 196. 379 | 318) o61 a 
143 555 417 138 da || 197 499 332 167 a 
144. ..| 468 207 17! a || 198. 539 377 162 a 
I45......| 469 | 302 167 da || 199 .| 400 |] 232 168 a 
146 475 | 305 170 da | 200 521 367 154 a 
147. 403 257 146 a |} 201 390 270 120 a 
148 382 321 oo! a |] 202 569 424 145 b 
I4Q..... 415.| 300 II5 a || 203 540 | 302 148 a 
150... 535 377 158 ddt 1 204 524 | 349 175 a 
ae ae 443 250 193 da 1 206)... 311 127 184 a 
£2 567 422 145 da || 206 ; 374 | 328] 046 a 
‘gs. 538 | 365 | 173 a || 207 473 | 301 | 172 a 
1 pe 393 203 IgO a | 208 554 | 304 160 da 
ESS ae ast 382 167 184 a 1 209. . 379 200 179 a 
ae 562 427 135 a } 210.. a sy: 440 138 a 
oy ae 548 390 158 na. jj erz:.. 448 282 166 a 
158 548 | 388 160 a ! 212.. 549 | 379 170 b 
 * e 540 398 142 c | 213 | 438 269 169 a 
160.. 547 398 149 nb } 234.....<) ieee 402 150 c 
161. 556 | 306 160 ddc || 215... 460 | 263 197 dna 
162.....:] §55°| 378 177 ddnc ! on6......| @@B i 33 177 dna 
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TABLE 12—Continued 
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Star Mpg MHPr C, Notes Star Mg MHP C, Notes 
ae 497 311 186 dna || 271 555 407 148 dne 
218.. 538 | 305 | 143 c || 272 477 | 343 | 134 fb 
BIOin so 306 328 068 nv || 273 418 248 170 fb 
220... 540 | 408 132 c || 274 417 204 213 fb 
Pe 481 303 178 &. ij) 275 427 207 130 fb 
222....- 421 208 123 a || 276 554 412 142 fb 
223.. 445 273 172 dna || 277 504 320 184 fb 
224.. 499 321 178 dna || 278 564 304 170 fb 
225 337 161 176 dna |} 279 531 379 152 fb 
220 402 320 073 dna | 280 218 133 085 fb 
227 352 172 200 dnb || 281 37 314 057 fb 
228 398 209 ogg | dnV20 || 282 565 403 162 fb 
220 506 327 179 dnb |} 283 463 340 114 fb 
230 492 314 178 dnb |} 284 356 302 054 fb 
231. 453 | 302] 151 a || 285 545 | 373 | 172 fb 
232 592 436 150 nb || 286 470 342 134 fb 
233 570 | 417 153 a |} 287 446 | 300 146 fa 
234 543 | 387 | 156 a || 288 425 | 348 | 077 fa 
235. 431 285 146 V26 || 289 Vy a eel are fc 
236 416 203 123 a || 290 535 378 157 fb 
2377... 359 159 200 a || 201. 526 302 134 fb 
238... 492 310 176 a || 292 , 567 392 175 fb 
239. 415 301 114 V5 || 203 435 209 136 fb 
240 441 201 180 a || 204 503 347 156 fb 
241 433 268 165 a || 295 473 209 174 ‘fda 
242 548 | 374 | 174 a |} 296 564 | 417 | 147 fb 
7? an 408 228 180 Bi | 207.< - 530 384 140 b 
vy) ree 465 290 175 a || 208... 322 253 069 fa 
245. 551 | 374] 177 a || 299......] 398 | 309} 089 {V29 
246... 425 318 107 a || 300 333 185 148 fa 
247. 574 | 420] 154 a || 301 554 | 423 | 131 fb 
248.. 350 172 178 2%: |fi.-9O2s. - 539 | 382 157 fb 
249 550 | 391 | 159 a || 303 389 | 296 | 093 fa 
250 567 | 408 150 da || 304 509 | 379 130 fb 
rh oe 325 131 194 a || 305 459 298 101 fb 
262... 424 208 126 a || 306 521 372 149 fb 
a2... 480 | 303 177 a || 307 169 II2 057 fc 
254 471 291 180 a || 308 568 305 173 fb 
255 449 | 307] 142 a 1 309 279 | 145 | 134 fb 
256 491 305 186 a || 310 | 527 391 136 fb 
257 A §76| 430 146 a || 311 415 272 143 fb 
258 422 | 306 116 a || 312 | 568 | 421 147 fb 
259. 286 050 236 b 313 176 979 197 fa 
260 535 | 364] 171 a || 314 338 | 139] 199 fa 
261 287 | 048 239 b |} 315 526 | 356 170 b 
262.. 551 387 164 a |] 316 327 106 221 a 
263 495 313 182 da |} 317 527 41! 116 b 
264. 574| 415 | 150 da || 318 553 | 421 | 132 b 
265 419 | 244] 175 a || 310 441 | 255 | 186 b 
266. 422 253 169 a |} 320 545 401 144 b 
267. -| 418 | 293 | 125 na || 321 419 | 315 | 104 Vi5 
592 | 438 154 db || 322 473 293 180 b 
269... 507 | 438 159 db || 323. 415 225 190 a 
BIO). «...: 570 | 435 | 135 ¢ |i -324:.....f S67} “4gg) ¥aa b 
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TABLE 12—Continued 


























Star Mog MHPr C, Notes Star Myer MHPr Cy Notes 
oe 546 | 414 | 132 bil g70----.-| Sae] 398 | 190 a 
326 355 259 096 Bl ZO0.007s5) Boe 207 107 a 
BOF kc She 205 062 ar Olena 354 290 058 a 
328... 538 311 227 Ah s8ase3025) See 429 102 a 
320 545 | 308 | 147 b |] 383......] 567 | 438 | 329 b 
330 491 326 165 DoW 384.55. 550 412 138 b 
331 561 379 182 PD ol 38550... 404 292 172 b 
332 .| 5490 426 123 om |e See 359 209 150 a 
333 551 370 181 fl 239..0.5<3| 487 287 200 b 
334 492 303 189 by BGs: 22: 302 281 III a 
335 256 o61 195 FID} 380. 5... 350 290 054 a 
330.. 280 196 084 a || 300... 578 438 140 b 
937......] See | gee] tee fb |) 39.... 553 | 430] 123 b 
$3005 298 150 148 fH BOQ acc. sh. 304 285 o89 b 
$30.05 562 420 142 tes] 203... 285 0900 186 a 
REO. «4 2: 588 386 202 fb || 304... 513 352 161 b 
BRT ee sale 496 325 171 Pl 208.6044) 26 318 208 b 
[Tt ae 488 353 135 fb? |]! .200...2... 510 357 159 b 
cy oe 425 200 129 fi) 3076.3. 5.0 S08 436 127 b 
S44-«-. 577 | 430] 141 fb |} 308... 554 | 42 130 b 
BUR cine 561 426 as boil 206... 340 131 209 b 
346... 569 435 134 b 1) 400...5.55] 447 287 160 fb 
SAR ced) OO 320 169 Dell AOL. 20: 544 350 185 fb 
348... 393 325 068 bol 402... 446 290 156 fb 
246. 625.51 1383 209 o84 i hO3. es: « 442 209 143 fb 
Ct ee 421 298 123 b |] 404... 512 383 120 fb 
351 548 | 387] 161 b || 405... 502 | 343 | 150 fb 
352 473 207 176 b || 406... 488 327 161 fb 
353 304 | 217 | 177 b || 407......]| 448 | 280] 168 fb 
i ae 463 335 128 & |i-400;... 551 307 154 fb 
eae trert 440 320 117 V7 || 409......] 528 389 139 fb 
350. 303 308 085 V6") 410.0.65 | 453 338 075 db 
sc7 407 290 117 b || 411 462 32 138 db 
358.. 567 425 142 Dot s4ES..5.ia) af9O 348 131 db 
359.. 537 373 164 ball Ab. .ck at 300 183 186 db 
Osean le: 5 538 307 141 Dail aia: 560 432 128 fb 
ci 434 207 167 Do i4PS sec Mod 230 168 a 
Ci) aa 217 126 og! AN BIOs. | 1500 438 123 b 
BOR oss. 254 | 070 184 Marg frac. ss. 401 317 | 084 a 
Cy ee 618 432 186 bj} 418... 445 252 193 a 
POs 5 414 310 104 i | fe 9 445 257 128 a 
360;.<:, 484 310 174 rT | A > ae 411 314 007 V 
BO ess nl SROR 312 069 Wigell 42n..5.45} 0537 381 150 a 
268.3. 421 300 112 b || 422 sal 2847 400 147 b 
SOG. e320.) ASS 301 134 b: || 423....'..) $20 362 164 b 
BAO cia vt 428 | 260] 168 Db i4aae..:.-| 432 265 107 a 
rich eae 585 429 156 BN AZ. 4 480 330 153 a 
Ew fo Yee 580 425 155 ai) 420%... 560 422 138 a 
$73: -- 512] 361 | 151 b || 427......] 522 | 377] 145 a 
374..-...| 51E] 303 | 208 DH aees< a: 583 | 433 150 b 
UN Leet 524 346 178 b: |) 420...;-. 494 332 162 a 
BAO co. 513 | 349 164 b || 440......] «472 | geo 163 a 
377------| 385 | 294 | 0°91 V27 || 431.-...-| 456] 290] 166 a 
BPR... .] OS | a4Be 147 b |] 432......| 558] 404 154 b 
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TABLE 12 





MHPr 


430 
440 
300 
287 
292 
4360 
334 
295 
388 
304 
398 
322 
285 
248 
393 
203 
435 
290 
390 
214 
408 
379 
372 
324 
149 
283 
344 
404 
383 
See 
308 
395 

301 

317 
317 
431 





142 
133 
105 
114 
093 
122 
IOI 
158 
149 
055 
120 
082 
ogg 
174 
050 
004 
110 
124 
148 
189 
125 
137 
173 
173 
105 
100 
175 
157 
110 
149 
184 
127 
184 
O7I 
005 
145 
108 
129 
198 
140 
III 
174 
LE? 
130 
147 
180 
155 
140 
119 
157 
148 
147 
185 
169 
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374 
503 
35° 
459 
975 
482 
550° 
422 
392 
550 
490 
575 
520 
421 
482 
532 
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MH Pr 


290 
308 
420 
204 
292 
433 
310 
388 
205 
287 
411 
248 
421 
418 
358 
295 
370 
397 
424 
390 
368 
339 
209 
340 
425 
005 
277 
393 
155 
205 
316 
292 
310 
315 
Sava 
O31 
302 
310 


286 
324 
313 
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a 
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TABLE 12—Continued 

Star Mpg MHPr C, Notes Star Myg 
541. 426 | 302] 124 a |} 595 527 
542. 554. | 307] 157 a || 590......] 514 
543. 479 203 186 a BOF ccc ct S52 
544. 114 027 087 Dl S08s 565251 467 
545 491 309 182 Ball SOO... 33] SUT 
540 559 390 1609 a O00.......| 420 
547: 569 417 152 B1) GOL.. 3. ch SSF 
548. 439 208 141 a || G02:... 571 
549.. 550 409 147 a OOF 5.0. 66 540 
550.. 553 417 1360 a ov meee 545 
551 564 406 158 A OOR ssc S45 
EEO nay SK Sete Ete Em aia ae dd it 606.......1 537 
eer... 335 283 052 BN 607..32.<| S25 
a ee 552 382 170 a 605....:.] 225 
Cae 313 107 200 a || 609... 530 
550.. 411 238 173 & || O10... 564 
557-- 373 203 170 a OF 660 3h EZ 
558.. 309 131 178 BN OLS 553.5 of 80 
559. 420 201 129 bo Oise Son 
560 308 210 188 bi |] \O84...........] ‘SiO 
561 304 215 179 Da ROER sc: 523 
562 422 204 128 DalcOrO..<2.5} $73 
563. 558 419 139 boGn7: ....4.1 wae 
564. 549 | 428 E21 BoeGres cc...) S21 
565 540 | 381 159 || OlO-s5. 0 as 
566 494 | 323 171 BD |[O20..... 4) (42y 
567. 371 321 050 MOGle.c: a} 520 
568. 381 328 053 27 022.3634 S80 
560. 347 146 201 fa G23......<1 503 
S70... 306 192 174 fa O24. sc. .s| S49 
inte § tae 488 350 138 Fb 6255...) 51 
Sm)... 364 198 166 fb || 626......| 518 
573-- 578 | 429 | 149 fe 1) 687......] $38 
574.- 456 | 334 122 fb 1)628...:. 540 
ee 516 | 378 138 fb }{0a9:-<s-.) S75 
S90. . 521 301 160 fa HO8Ok sss) «Ser 
Ch Be 562 423 139 fb |\e63t......e| 2548 
578.. 534. | 307 | 137 b |] 632......| 460 
579.. 558 | 434 | 124 Bo Oss...) Gag 
580. 555 | 426 129 b |] 634......] 568 
581. 192 | 957 | 235 Wat O58...-..) 378 
582 579 348 231 db || 636... 57 
583. 391 329 062 D637... 549 
584. 433 287 146 bi 6es... 548 
585. 512 | 382 130 b: 630... 476 
580. 371 308 063 V2 |) O40-5....) “$20 
587. 372 302 070 @ } OATs.<.. 7] ERO 
588. 504 345 159 Boi Gaes.. 2.1 2507 
589. 573 | 433 | 140 b || 643......] 357 
590. 561 422 139 a || 644......] 519 
591. 388 | 303 | 085 Vii || 645.....-] 544 
BOS. eis 407 292 175 %}) O46...65..5] 405 
BOA sas} 537 376 161 B644%....5.) Or 
SON 3: 344 180 164 b |] 648......] 403 


























320 
355 
307 
285 
386 
248 
398 
390 
308 
380 
403 
370 
353 
203 
300 
431 
401 
147 
120 
37! 
350 
431 
313 
434 
392 
3°09 
341 
395 
312 
422 
3°09 
35° 
372 
403 
400 
212 
373 
287 
392 
430 


MHPr 





207 
159 
185 
182 
125 
172 
159 
ISI 
172 
105 
142 
101 
172 
132 
170 
133 
I5I 
199 
178 
139 
173 
142 
177 
137 
153 
118 
188 





ddt 
fa 
fb 
fb 
fb 
fb 
fb 
fb 
fb 
fb 
fc 
fa 
fb 
fb 
fb 
fc 
fa 
fb 
fb 
fb 
fb 
fa 


fb 
fb 
fb 
fb 
fb 
fc 
fa 
fb 
fb 
fb 
fb 
fc 
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TABLE 12—Continued 








l l — l < “stab 
| | } | 
Star | Mog | MHPr | C, Notes | Star | Mog | MHPr | Cc, | Notes 
| | 1} = | = = 
= | fa oe | | 
649... | 520 300 | 100 fb || 656.. ‘ 353 | 240 | 113 | fa 
650......| 485 | 328] 157 fb || 657... | 520 | 313 | 207 | fa 
Ost... . | 540 425 | 115 | fc | 6eS.... | 440 |} 313 | 127 | fa 
i ae | 487 334 | 153 £D: |} G59. ... 559 | 440 | 119 | fb 
‘ | | | | 
Gem iek RTS 390 | 179 | fb || 660... 529 | 3605 | 164 | fb 
Oy ee 5 249 | 196 fc || 661... 357 | 168 | 189 | fb 
i 
655......| 544] 401 | 143 fb || 662. | 535 | 323 | 212 | fb 
| | | | | 
| 1] | | ! 














identified by “dd.” Stars whose magnitude might possibly be affect- 
ed by the background fog at the center of the cluster are called “‘n”’; 
those so distant from the center that the uncertainty of the distance 
correction might be serious are “‘f.’’ The variable stars are given by 
the svmbol ‘‘V”’ followed by the number assigned to them by Miss 
Sawyer.’ Suspected variables are merely identified with “V.”’ The 
star 552 is a very close double, each component of which seems to 
be a red supergiant. No measures are given, because of their uncer- 
tainty, for the bright star 289. 


This investigation, begun at the Harvard College Observatory, 
has been completed at the Yerkes Observatory during my tenure as 
National Research Fellow. I am deeply indebted to Dr. Shapley for 
his encouragement and advice and for his kind permission to use the 
plates he obtained at the Mount Wilson Observatory. I also wish to 
express my gratitude to Dr. Duncan for the use of plates taken by 
him at Mount Wilson and to Dr. Paraskevopoulos for the plates 
taken for me at the Harvard College Observatory at Bloemfontein. 
I am indebted to Dr. Carpenter for the use of the 36-inch reflector at 
the Steward Observatory. 

YERKES OBSERVATORY 
February 1939 








TRANSITION PROBABILITIES FOR He 1 
LEO GOLDBERG 


ABSTRACT 

Simple, screening-type wave functions have been utilized to derive general expres- 
sions for the line strengths in the 2s—np and 2p—nd series of Het. The resulting 
strengths calculated for these series compare favorably with those computed by Hyl- 
leraas for the transitions up to m = 6. A computation of the radiational damping con- 
stants shows that the He1 triplet damping factors are of the order of one hundred 
times smaller than the singlet values, a result that arises from the metastability of 
the lowest triplet level and from the short wave length of the fundamental singlet line. 

The expressions for the discrete f-values have been extended to the continuum by 
the device of letting  — ix, where x is a continuous quantum number, according to 
the method outlined by Menzel and Pekeris. The resulting expressions provide for the 
determination of the absorption coefficients for bound-free transitions from the 2s and 
2p levels. 

The f-sum rule of Kuhn and Thomas-Reiche predicts that the sum of the f-values of 
all transitions from a singly excited level of He 1 should equal unity. The rule appears to 
be satisfactorily obeyed for all but the 2 3S level, for which the sum is 0.840. 

The theoretical prediction of the absolute strengths of spectral 
lines requires a knowledge of the approximate wave functions of the 
upper and lower levels involved in each electronic transition. In com- 
piling tables for the intensities of //e1 lines, Hylleraas' expressed 
each radial function as a linear combination of Laguerre polynomi- 
als with variationally determined coefficients. Calculations of this 
type are exceedingly laborious and must be performed separately for 
each transition. For astrophysical purposes the derivation of simple, 
general expressions which may readily be extended to include the 
continuum is highly desirable. 

Recent investigations? have shown that relatively simple varia- 
tional wave functions are sufficiently accurate to reproduce satisfac- 
torily the observed energies of many of the excited levels of He 1 
For example, the singlet p- and both the singlet and triplet d-eigen- 
functions may be represented by hydrogenic functions, the former 
with effective charge 0.97 and the latter with charge unity. In this 
paper simple, screening-type wave functions will be employed to de- 


' Zs. f. Phys., 106, 395, 1937. 
2 Morse, Young, and Haurwitz, Phys. Rev., 48, 952, 1936; Goldberg and Clogston, 
Phys. Rev., vol. 56, no. 7, 1939. 
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mn 


velop general formulae for the absolute strengths in the diffuse and 
subordinate series of neutral helium. 

The strength of a line or multiplet is defined as the sum of the 
absolute squares of the matrix components joining the two sets of 
states comprising the levels or the terms between which a transition 
takes place: 


S= Dd Ufv(n + r)W’dr, (1) 


where W and y’ are the normalized wave functions of the atom in the 
initial and final states, respectively, dr is the volume element, and 
|r cos 6 
r= (rsin@cos¢ (2) 


r sin #@ sin ¢ 


representing the components of electric moment in the x, y, and s di- 
rections. The summation in equation (1) is taken over all possible 
pairs of states. 

If we adopt the Slater’ approximation of expressing w as a determi- 
nant of one-electron wave functions, we may write, in the case of 
helium: 

I 


— [u,(1s)u.(nl) + u.(1s)u,(nl)] , (3) 


/ 


Wrenl = - 
V2 
where the subscripts refer to the electron co-ordinates, and the plus 
and minus signs to the singlet and triplet states, respectively. The 
u's are taken to be normalized to unity and mutually orthogonal, 
and, being solutions of Schrédinger’s equation for an electron mov- 
ing in a central field, they are separable into functions of the angu- 
lar, distance, and spin variables: 


u = O(6,9)R(r)x(a) , (4) 


where ® depends only upon @ and ¢, & is a function of r alone, and 
x is the spin wave function. If we make the further assumption 
that the wave function of the stationary 1s-electron is unchanged 


3 Phys. Rev., 34, 1293, 1929. 
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when the outer electron is excited, the strength of a transition be- 
tween two terms of //e1 is given by4 


S(rsnPSL rsn'I2S4L') = (2S + 1)(2L + 1)(l)(al — 1)07, ( 


wn 
— 


when /’ = 1 — 1, where 


w= | [PR tRi', 1 nar] (6) 
40? ae to) 


R(nl) and R(n’, 1 — 1) are the normalized radial wave functions, in 
atomic units, of the transition electron in the initial and the final 
configurations, d, is the radius of the first Bohr orbit, and € is the 
electronic charge. 

Separable wave functions of the type represented by equation (3) 
have been computed variationally by Morse, Young, and Haurwitz> 
for the terms 2 35, 2 'P®, and 2 3P°, and by Goldberg and Clogston 
for the 3 'P®, 3 5P°,n‘D and n 3D levels. The following radial func- 


tions have been obtained: 


R(2s) = 0.356(re-°"" — 2.93€7* 5") , (23S) ; (7) 
R(2p) = 0. 259re~°'55°" , (23P>) ; (8) 
= 0. 189re~°-#5" , t2*P").: (9) 
R(3p) = 0. 00ggor(14. 2677-4" — re—-338r) , (33P°) ; = (10) 
= 0.0184re—°-35'(6.137 — r), (34F*); (11) 


R(nd) 


2" n ret ! . nee 4 daa : 
“f 2 ES, ok Bile (- n+ 3,6, a (n3D, n'D). (12) 


n* (n — 3)1(5!)? 


The 1s-functions associated with the above excited functions are 
all hydrogenic, with effective nuclear charge 2.00, i.e., the screening 
of the inner 1s-electron by the outer excited electron is in every case 
negligible. The 'P°® functions (g) and (11) are similar to those for 
hydrogen, except that the hydrogenic charge of unity is replaced by 


4 Cf. Shortley, Phys. Rev., 47, 295, 1935. 5 Op. cit. 


TRANSITION PROBABILITIES FOR Het 417 


an effective charge of 0.97. The function (12) is exactly similar to 
the hydrogenic 7D function. F is the confluent hypergeometric func- 
tion: 


eT ( 
F(a,y,*) =1+ 12 x+ eee a (13) 





In deriving suitable approximations to the //e 1 line strengths, we 
first consider the 2p—nd, or diffuse, series. The functions (8) and (9) 
may be represented by 


R(2p) = [= re", (14) 


where s(2 °P°) = 0.55, and s(2 'P°) = 0.485. If we substitute equa- 
tions (14) and (12) in equation (5) and integrate, we obtain for the 
square of the integral in (5), which we designate by p’, 
: (15s — Fae 8 

2 = 2-12!s55(25 — 1)??? — 1)(n? — ——_—_—___—_—. (15 

p a ‘ ) ) 4) (ns we 1)2"+8 5) 
If we set s = 3, (15) becomes equivalent to the hydrogenic expres- 
sion. Values of p? computed up to z = 1oare given in Table 1, where 


TABLE 1 


VALUES OF p? FOR 2p—nd SERIES OF He I 
(Hylleraas’ values in parentheses) 








n z*P°—n *D 2 3p°’—n 3D 

3 24.9 (24.3) 16.1 (19.0) 
4 2.87 3.20) 2.84 (1.75) 
5. 0.897 (0.935) 1.02 (0.984) 
6 0.407 (0.414) 0.401 (0.353) 
Fee ae 0.222 0.279 

ty oer : 0.136 0.174 

9 ©.0900 0.117 

10 © .0631 0.0824 











they may be compared with the Hylleraas values, recorded in paren- 
theses. 

We next consider the strengths in the 2s — np, or subordinate, series 
of He1. The effective nuclear charges derived for the 2 'P° and 3 'P® 
functions are so close to unity that we may reasonably employ the 
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hydrogenic p-functions in calculating the strengths in the 2 'S — 
n 'P® series. For this purpose, the best available wave function for 
the 2 'S level is that obtained by Coolidge and James,’ who employ 
an expression of the form: 


/~ 
Wis2s = Colao] ) (16) 
ab 
where 
3 
[ab] = = [(xrs)2e—*"1(Kr,) e472 (Kr: 40-72 Kr, OH] (17) 


In equation (17), « is a scale constant, equal to 1.05, while v and 6 
are parameters, the latter being always equal to 2. The expression 
TABLE 2 


CONSTANTS IN COOLIDGE-JAMES 1525 
WAVE FUNCTION 








ab Can 
v=0.55..... oo 4.88925 
10 —0.02948 
Ol —0.85415 
11 0.23488 
20 0.09866 
02 0.03271 
v=1.00.... fofe) = aes 
10 — 2.26128 
oI I. 39027 











for y contains nine terms; for the first six, vy = 0.55, corresponding 
to a two-quantum orbital with effective charge 1.10, while in the last 
three terms v = 1, corresponding to the part of the 2s-orbit where 
the electron makes a close approach to the nucleus. The values of 
the constants in equations (16) and (17) are tabulated in Table 2. 

Since equation (16) is not readily separable into one-electron wave 
functions, we employ equation (1) directly to calculate the strengths 
of the 2'S — n‘P° transitions. For the n 'P? levels, we use the func- 
tions 


Visnp = Se [u:(1s)u2(mp) + u2(1s)u,(np)] , (18) 
V2 


® Phys. Rev. ,49, 676, 1936. 
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where u(1s) is the wave function of an electron moving in the field 
of the bare helium nucleus, and (7p) refers to the hydrogenic np- 


eigenfunctions: 
8 
u Is = a. ae is I 
(15) es (19) 


53 ( 175 
u(np) = nT as a cos 6re~2"'"F (- n+ 2, 4, =) > = 


n°(n — 2)!3!4r n 











where Z = I. 

For a'S — 'P® transition, the strengths of the three separate line 
components are equal. Hence, we calculate the strength of the z-ma- 
trix component and multiply by three to obtain the total line 
strength: 


2 


(21) 





SS) Cav flabl(r, cos 6, + 72 COS 82)WisnpdT 


ab 


S(2'S — n'P°) = 3 





The evaluation of equation (21) is straightforward, although some- 
what tedious. We obtain, in units of a¢ e’, 


S(2'S — n'P*) 
= 38.10n7(n? — 1) ©. 2299 : a) 


(0.5775 — 1) 7 
(0.5775" + 1) | 

1— 1)” f (22) 
t+ 1)? 


+ 0.4803(1 — 0. 2200n”) 


0.5775) 
+ 1.119n?(1 — 0. 2459n”) (0. 5775? 
(0.5775) 


+ 0.7072(1 + 1. 262n7) 


_ 





ie 44g es — =| 


(1.050 + 1)"*3 
(1.050” — 1) | )2 
5 


(1.0507 + 1) | a 





If we evaluate equation (22) for m = 2 and ” = 3, we obtain 
S(27?S — 2'P*) = 25.6; 


S(2'S — 3'P*) = 1.94. 
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The strengths for these transitions may also be computed directly 
from equation (21), if we employ equations (g) and (rr) in place of 
the hydrogenic functions. The resulting values 26.4 and 2.60 com- 
pare favorably with those computed from equation (22). Values of 
the strengths computed for the 2 'S — n 'P® series are shown in 
Table 3. The Hylleraas values are again given in parentheses and are 
in excellent agreement with the present values. 

Although the variational 'P° functions (g) and (11) justify the use 
of hydrogenic p-functions to represent the n 'P® levels, the results 


TABLE 3 


LINE STRENGTHS IN 2'S—n'!P° SERIES 











n | 2 1™S—n !Pp° 

2 | 26.4 (26.5 

3 2.60 ( 2.48) 
4 0.744 (0.806) 
5 | 0.300 (0.292) 
6.. 0.154 (0.139) 
i 0.0897 

8. 0.0573 

.. 0.0390 

10. 0.0279 





for 2 3P° and 3 P° indicate that such an approximation is invalid for 
the triplet levels. As a second approximation, however, we may 
adopt the functions (20) and employ an effective value of Z, the 
nuclear charge that will take account of the screening of the nucleus 
by the inner rs-electron. The effective value of Z for the 2p-electron 
is 1.10, and, although the screening may well vary with the total 
quantum number, it will be interesting to compare the strengths in 
the 2 4S — n 3P° series, derived on the assumption of Z = 1.10 for 
the n *P° levels, with the Hylleraas values. If we substitute equa- 
tions (7) and (20) with Z = 1.10 in equation (5), and integrate, we 
find for the square of the radial quantum integral: 


‘(0.610 — 1.10)"-4 
2= 52.3n7(n? — 1) { - ~- — (1.21 — 0. 284n?) 
, 52.50 ) | (0.6102 + 1.10)"+4 


" -+- 1.10)" 


(1.5 
— 2.99 a 


7 I. 10)” 3 | 2 
r.57 


TRANSITION PROBABILITIES FOR Het 421 


If we evaluate p’ for the first two lines of the series, we find, respec- 
tively, 19.3 and 1.06. The latter value compares favorably with the 
value 0.918, obtained by employing the variational function (10) in 
place of the less accurate hydrogenic function. Table 4 contains 
values of p? computed up to z = 10. The good agreement with Hyl- 
leraas’ values is gratifying, in view of the highly approximate na- 
ture of the 2p-functions. 

Damping constants for He 1. The material of the preceding section 
may now be utilized to derive radiation damping constants for the 


TABLE 4 


VALUES OF p? FOR 2 3S—n 3P° SERIES 








2 | 19.3 (19.9) 

3 0.918 ( 0.666) 
ae. 0.284 ( 06:322) 
5 ©o.119 (0.125) 
6 0.0621 ( 0.0621) 
7 0.0305 

8. 0.0237 

Ou. O.o1o! 

iC. O.Oo1160 





helium lines. The radiation damping constant for a spectral line is 
equal to the sum of the reciprocal mean lives of the two levels in- 
volved in the atomic transition: 


Pen! ae ae + pr ° (24) 


In the absence of collisions, the reciprocal mean lifetime of a level 


is simply 


-—_ 
tN 

On 

— 


ye , 


I _ NS 
_ aoc 
n’ 


Tn 


where A,,,, is the Einstein probability of spontaneous transition from 
level 7 to level n’. In terms of the strength of a line, 





_ 6474 Shan’ 
~ 3h Gp (26) 


Ann’ 
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where @, is the statistical weight of the upper of the two levels. For 
a degenerate term, 


Gn = (28 + 1)(2L +1), (27) 


corresponding to the number of individual states comprising the 
term. The classical analogue of T’,,, is 1/7, where 7 is the time taken 
for the amplitude of an oscillating dipole to fall to 1-eth of its maxi- 
mum value. For radiation damping alone, 


3mc3 


81e?v? 


= 4.52d’. (28) 





At X 5000 the classical damping factor has the value 8.85 X 10’. 
Empirical determinations’ of the damping constant from solar 
curves of growth have pointed toward a value about nine times the 
classical one for metallic lines, while quantum-mechanical calcula- 
tions’ for hydrogen have yielded similar results. Empirically deter- 
mined damping factors will naturally include the effects of colli- 
sionally induced, as well as spontaneous, transitions. Theoretical de- 
terminations of the radiational constant will, therefore, contribute 
to the study of collisional processes in stellar atmospheres. 

The computation of radiational damping constants for the singlet 
lines of helium requires a knowledge of the Einstein A’s for the prin- 
cipal series. For this series, the results given by Vinti? and checked 
by the writer have been employed. The occurrence of the inverse \3 
term in the expression for A, is fortunate. The procedure involved 
in calculating the damping constant for a transition between levels 
n and n’ is, then, simply the following. To the Einstein A for the 
transition n-n’, we add the corresponding A’s for the transitions 
from levels m and n’ to the lowest level of the same multiplicity. The 
contributions from all other transitions become negligible because 
of the \3 factor, even though the strengths themselves may be quite 
large. 

7 Minnaert and Mulders, Zs. f. Ap., 2, 165, 1931; Allen, Mem. Comm. Solar Obs., 
1, No. 5, 1934; Menzel, Baker, and Goldberg, Ap. J., 87, 81, 1938. 

8 Menzel, Lick Obs. Bull., 17, 234, 1931. 

9 Phys. Rev., 42, 632, 1932. 
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The results for most of the important lines of He1 are collected 
in Table 5. On the average, the damping constants for the singlet 
lines are of the order of one hundred times greater than those for 
the triplets. This result arises, of course, from the metastability of 
the lowest triplet level and also from the very short wave length of 
the singlet resonance line. There is little doubt of the metastability 
of both the 2 %S and 2'S levels, in so far as spontaneous transitions 


TABLE 5 








| 
Transition nN tints to” | I'X 1079 T'/vX 10° 
PIS 25 os 584 2340 2.34 0.456 
2'§ — 21P. 20582 2.05 2.34 16.0 
— 3p ; 5016 14.0 0.575 °.961 
— 4'P°.... 3905 8.13 0.239 ©. 316 
2 IPM 29. o.. 6678 68.3 2.41 5.36 
=. £53 4922 19.7 2.36 2.87 
— ¢'D.... 4388 8.67 2.35 3.44 
— 6'D..... 4144 4.67 2.34 3.2 
— 7"D.... 4009 2.82 rey 3.13 
— 8'PD.... 3927 1.83 294 3.06 
— g'D..... 3872 ee 2.34 3.02 
sat 4 ee 3834 0.915 2.34 2.99 
235 — 25P?..... 10830 10.3 ©.0103 0.0372 
= 2:9P*. ... 3889 10.6 0.0106 0.0137 
23Pp°9— 33D..... 5876 64.7 0.0753 0.147 
— 43D..... 4472 25.9 0.0362 ©.0540 
— 53D..... 4026 12.8 0.0231 0.0310 
— 63D..... 3820 7.19 0.0175 0.022 
— 3p)... 3705 4.48 0.0148 0.0183 
— 83D..... 3634 2.96 0.0133 ©°.o161 
— 93D..... 3587 2.07 0.012 0.0148 
—103D..... 3555 1.50 0.0118 0.0140 

















to the ground state are concerned. Such transitions are zero for elec- 
tric and magnetic dipole, and for electric quadrupole, radiation. 
Consequently, in the absence of external influences, the mean lives of 
the 2s-levels should be infinite. 

f-Values for the continuum. Vinti'® has derived a general formula 
giving the f-value or ionization probability from the ground state 
of helium to any point in the continuum. Similar formulae may now 
be derived for the absorption probabilities from the 2 'S, 2 3S, 2'P®, 


© Tbid., 44, 524, 1933. 
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and 2 3P° levels. The f-value for a line is given in terms of the 
strength, by 
8r7¥nn’mM San’ 


f, ’ = 
nn 


’ ce a 





(29) 


Following Menzel and Pekeris,'' we introduce a continuous quan- 
tum number x, which is defined by the relation 


I 


-2 


ig =, (30) 


> 


where x, is the energy in atomic units of any point in the continuum, 
measured from the series limit. The frequency of a bound-free transi- 
tion becomes 


Vn = R( x + =) , (31) 


where x,’ is the energy of the discrete level 1’. If we substitute 
equation (4) in equation (29) and employ equation (16), we obtain 
for the 2p—nd series 


f(zp — nd) 
2'4mr7a2vm (ns aes pp : (32) 


= io 55(35 — 1)?09(m? — 1)(n? — 4) nie 


Menzel and Pekeris’ have shown that the general expression for 
the f-values of discrete transitions in hydrogen may be extended to 
include bound-free transitions by letting 7 — ix and by taking the 
absolute value of the resulting expression. If we apply the same 
procedure to equation (32), we find for the continuous f-values: 

14272 
f(2zp — xd) = D at eon 
27h + ys) 


Mes Te + 3) + OG + oe) Or. 


1 M.N., 96, 77, 1935- 12 [hid. 





f(25S — «3P°) = D 
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The factor D is inserted to take account of the normalization of the 
continuous wave functions.'? For bound-free transitions, 


D=(1- em), (34) 
D becomes appreciable only at very small values of x, for which the 


ionization probabilities are relatively insignificant. 
We find similarly for the 2s— xp series 


flats — «'P) 


ee 8r?vma; 





(1 + ©. 3335K? 3e—2k tan-"(1.73 1 — 0. 4803(1 +. oO. 2 200k’) (35) 


| 
X 12. 70K7(x? + 1) {o. 2299 | 
(1 + 0.33357)? — 1. 119K7(1 + 0. 2459x?)(1 + 0. 3335x?) 7] | 
rere aah | 

— 2.338(1 + 1. 102k) 3e—*« tan-"(0.952/«)[ 7 — 9, 7072 


(1 — 1. 262«?)(1 + 1. 102x?)—]}? | 


and 
8r?vmaz2 
3h 
XK 52.3K7(x? + 1){ (1.21 + 0. 372K?) > (36) 
(1 OT +4. O. 284x?)e ~2x tan~!(1.10/0.610K) 
+ 2.99 (1 21 + 2 46x?) “Sg ton "x-20/1.570)} 3 





The expressions (33), (35), and (36) may be employed to derive 
the absorption coefficients beyond the limits of the various series. 
The atomic absorption coefficient for the continuum is 


re df 
a, = MC dy ; (37) 
where, by definition, 
df = fdk. (38) 


13 [bid. 
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Differentiating expression (31) with respect to x, we obtain 


dv 
— = — 2Rx-3 (3 
dx ’ P| )) 
and 
K3 Te ; 
a,~=—-——f. ° 
2R mc 4 


The variations of the absorption coefficients for the diffuse and 
subordinate series are shown in Figure 1, where the logarithm of the 
absorption coefficient has been plotted against the logarithm of the 
frequency in Rydberg units. Close to the series limit, where x is 
very large, expressions (33), (35), and (36) may be expanded in 
powers of 1/x«?. We find, numerically, 


f(zp — xd) ~ 2.31 





/ 8 + (41 
X 1074s" (35 — 1)?e74/!px |: + £( 4 ——+ 5) oii 41) 
kK? \ 353 Ss? . 
il Q.12 
f(2*S — «*P*) ~ 8.63 X ro-on( 1 — 2) ; (42) 
ri K 
: F . go 
f(23S — x3P°) ~ 1.08 X rome ( 1 _ | , (43) 
. K 
Hence, by expressions (30), (38), and the binomial law, 
a,(23P° _— k3D) x p26 . (44) 
a,(2'P° — k'D) « y-3?; (45) 
a(2'S.—_2°P) a 9 5 (46) 
a,(23S — x3P°) « pt, (47) 


The f-sum rule. According to the sum rule of Kuhn and Thomas- 
Reiche,"‘ the sum of the f-values of all lines originating from a given 
level in an atom is equal to s, the so-called number of “optical elec- 
trons.”’ The summation includes both the absorption and the emis- 


14 Cf. Unséld, Sternatmosphdren, p. 190. 
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sion from each level. If 2’ designates the level from which transi- 
tions are occurring, the f-sum rule may be written as 


co a 
— SW . 

\ Ja'n + fn'edk — \ = San’ ee ’ (48) 
_ . 0 n nm 


where the w’s are statistical weight factors. The first term repre- 
sents the line absorption from level »’, the third term accounts for 
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Fic. 1.—Variation of He 1 ionization probabilities with frequency 


the downward transitions from ’, while the second term represents 
the contribution to the sum from bound-free transitions. Care must 
be exercised in choosing the proper value of s for He 1. For the prin- 
cipal series, s = 2, since either of the two 1s-electrons may jump 
during a transition from the ground state. Vinti'® has obtained the 
value 2.13 for the sum of the f-values from 1 'S. Only one electron is 
excited, however, during transitions from the excited states, and, 
accordingly, the f-values for the diffuse and subordinate series should 
sum to unity, as for hydrogen. This conclusion may be tested by 
calculating and summing the oscillator strengths for these series. 
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The results are shown in Table 6. The summations from ” = 11 to 
n = have been computed from the asymptotic forms of the ex- 
pressions for f when 7 is large. The integration over the continuous 
f-values has been performed numerically by using equations (33), 
(35), and (36). The final sums for the diffuse series are less than 
unity, which is to be expected, since we have not included the posi- 


TABLE 6 


He I f-VALUES 








n 2'S—n ‘Pp? 2 3S—n 3p? 2'™P°—n'D 2 3P°—n 3D 
Bic m qete Gade eed 0. 389 0.542 te 
Bc aren weds eins 157 0826 0.755 0.553 
4 0570 0270 .118 1209 
5 0252 O123 o416 0512 
6 01360 00005 O1gg 0200 
: ee 00813 00404 OI12 O152 
Be os ,00528 00264 .00705 00908 
ae 00369 00182 00471 00058 
LO 5.653 0.00263 0.00132 0.00333 0.004609 
20 
> : eee ©.004 0.005 0.006 0.018 
n=I1!1 
fee) 
f FON bse: ns ©. 207 0.163 ONLS7 0.291 
0 
SUM. so 0.963 0.849 rea2a I. 105 
—frp-25 . . sand Kal cette ean eae —0.130 —o.181 
—frp-is eu ee 5 ats ‘ SOR er er —0O.110 0.924 
phn aceeta oe 0.878 

















tive f-values for the 2p —ns series. The sum of these values for hydro- 
gen is 0.111 and appears to be of the same order of magnitude for 
helium. In the singlet subordinate series the value 0.963 is satisfac- 
torily close to unity, but the triplet sum 0.849 is too small. Probably 
the device of employing Z = 1.10, while suitable for the discrete 
transitions, is invalid when applied to the continuum. 


The writer is pleased to acknowledge his indebtedness to Profes- 
sors D. H. Menzel and P. M. Morse for numerous profitable discus- 
sions of the wave-mechanical problems treated in this paper. 


HARVARD OBSERVATORY 
May 1939 








THE NUMBER OF LINES IN A SERIES 
AS A FUNCTION OF ELECTRON 
PRESSURE 


FRED L. MOHLER 


ABSTRACT 


In an intense discharge the higher lines of a series merge into a continuous spectrum 
at a value of the effective quantum number xm which depends upon the electron con- 
centration V,. A previous paper by the author gives values of the electron concentra- 
tion for the caesium discharge for a wide range of vapor pressures and current densities. 
The number of lines in the D and F series have been determined for this range of condi- 
tions. The maximum quantum number for the red component of the D series and for the 
F series is given by the equation log Ve = 23.06 — 7.5 log nm. 

This relation agrees well with theoretical results for hydrogenic spectra and has been 
applied to stellar spectra. For main-sequence Ao stars the electron pressure in at- 
mospheres is 0.4 X 1074 at the Balmer limit; 0.7 X 1074 at the Paschen limit, and 
1.8 X 10-4 at 4340 A. The star a Cygni has a pressure of about 1 X 1o~® At. at the 
Balmer limit, while for white dwarfs the pressure exceeds 10~? At. 


I. INTRODUCTION 

In the spectrum of an intense discharge the successive lines of a 
series are increasingly broadened until they merge into a continuous 
spectrum at a fairly definite interval from the theoretical series 
limit. The width of lines is a complicated function of temperature, 
pressure, and ionization, but for the higher lines of a series in an in- 
tense discharge the ionization broadening must be of primary im- 
portance. Consequently, the number of lines in a series should be a 
function of the electron concentration alone for a discharge of high- 
current density. Since states of high quantum number are hydro- 
genic, the relation between the number of lines and the electron con- 
centration will be nearly the same for all elements. Because of the 
generality of the relation, the number of lines in a series should be a 
useful basis for estimating the concentration of electrons where 
other methods cannot be used. To preserve the generality of the re- 
sults the effective quantum number (the square root of the Rydberg 
denominator) should be used. 

Recent work' on the caesium discharge under conditions of nearly 


*F.L. Mohler, J. Res. Nat. Bur. Stand., 21, 697, 1938. 
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3 


complete ionization affords a basis for determining the number of 
lines in a series for a wide range of electron concentrations. It is an 
important advantage to have the percentage of ionization high 
enough so that other types of broadening are negligible, while meas- 
urements over a wide range minimize the effect of experimental 
uncertainties. 

II. EXPERIMENTAL PROCEDURE 

The apparatus and procedure have been described before.’ Cur- 
rent densities sufficient to maintain a high percentage of ionization 
were obtained by running a discharge through a section of capillary 
tubing. The capillary was viewed from the end and was photo- 
graphed with a three-prism Steinheil spectrograph with a focal 
length of 72 cm. Exposures were timed to give measurable photo- 
graphic densities for both the lines and the continuous spectrum 
between the lines near the ends of the series, and a series of ex- 
posures to a calibrated strip lamp gave a scale of relative intensity. 
Exposure times ranging from o.o1 sec. to many hours were required. 
Values of the electron concentration for a given current density and 
vapor pressure were taken from the previous paper.’ These values 
are based largely on the absolute intensity of the continuous re- 
combination spectrum. 

Plate VI shows some typical spectra. The theoretical limits of the 
F series are at 5950 and 5920 A and of the D series at 5100 and 
4950 A. For the highest pressure and current the D series ends near 
the sixth doublet, 5635 and 5466 A, and there are no F-series lines in 
the range of the plate, while for the lowest current density there are 
over 20 doublets in each series. The violet component of the D 
series extends beyond the other series and is easiest to measure. The 
end of this series has been determined in all cases, and a few measure- 
ments have been obtained for the red component of the D series and 
for the F series. 

Figure 1 illustrates the method used to determine the end of the 
series. The intensity at the center of a line and for the continuous 
spectrum near the line was measured for a few lines near the end of 
the series. The log of the intensity ratio of line to background was 
plotted against the log of the quantum number, and a straight line 
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CAESIUM SPECTRA FROM 6500 A (left) TO 4500 A 


Letters indicate the theoretical series limits. Electron concentrations: 1: 1.2 X 10": 
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was drawn through the points. The intercept of this line at A log 
J = ois taken as the maximum quantum number. In some cases the 
points seem to fall on a curve which is concave upward, but in all 
cases a straight line has been drawn neglecting the toe of the curve. 
Numbers over the curves give vapor pressures in millimeters, and 
the electron pressures are about half of these numbers. 
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Fic. 1.—Plots of relative intensity of line to background versus quantum number on 
a logarithmic scale for lines near the end of the violet component of the D series. Num- 
bers above curves are vapor pressures in mm. 


Figure 2 is a logarithmic plot of the maximum effective quantum 
number 7,, as a function of electron concentration. Dots are values 
for the violet component of the D series measured under conditions 
of over 50 per cent ionization. Circles are some measurements with 
low currents and low ionization. For this case the series are very 
long, and both instrumental resolution and pressure broadening may 
influence the results. 

The lower straight line through the dots has a slope of 0.140, and 
the equation for log n,, for the violet component of the diffuse series 
can be written 


log tm = 3.156 — 0.140 log N,. (1) 


Some measurements of ,, for the red component and for the F series 
give 2,, about half a unit higher than for the violet component. The 
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upper line of Figure 2 has been drawn half a unit above the first line 
and the equation of the line is 


log Wm = 3.175 — 0.140 log N,. (2) 


The difference between the two components of the D series seems to 
come from the fact that the violet components of the D series are 
superposed on the strong continuous spectrum near the limit of the 
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Fic. 2.—The maximum effective quantum number versus electron concentration 
on a logarithmic scale. Dots and circles: the violet component of the D series; upper 
line: red component of D series and of F series; crosses: theoretical values for Balmer 
series of hydrogen. 


red component. The second equation is probably more nearly repre- 
sentative of the case of a simple hydrogenic series. It is of interest 
that the F and D series end at nearly the same value of m,,. An in- 
spection of some spectrograms of other elements indicates that it is 
generally true that different series end at about the same effective 
quantum number. 
III. COMPARISON WITH THEORY 

A paper by Inglis and Teller? covers the theory of the effect. A 

very general but elementary treatment of the effect both of collisions 


2 P. 439 of this Journal. 
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and of Stark effect by Sugita gives relations between the number of 
lines and electron concentrations that are not in good agreement 
with theory, for it gives values of 1, about five units larger than 
observed. 

Recently, Pannekoek‘ published detailed computations of the in- 
tensity distribution near the limit of the Balmer series for various 
values of the random field of ions and electrons. The results are pre- 
sented as plots of spectral intensity distribution, and from these 
plots ,, can be determined by the graphical method shown in Figure 
1. The points fall on curves that are definitely concave upward, but 
the same criteria have been used as before to determine the inter- 
cept. These results are shown as crosses in Figure 2 and are seen to 
agree accurately with the upper line. 

Inglis and Teller? have investigated the theory in a more general 
way and derive the following equation for the ion density, 


N = 1.84 X oe (3) 


They show that this relation will remain approximately true for 
different series and for alkali-type spectra as well as for hydrogen. 
For temperatures less than 10°/7,, degrees absolute, electrons con- 
tribute to the Stark effect, and NV of equation (3) is 2V,. At higher 
temperatures the effectiveness of electrons decreases. 

Most of these measurements have been made at temperatures less 
than the critical value, and for comparison with experiment 2, 
should be used in equation (3). Plotted on the scale of Figure 2, 
equation (3) gives a line so close to the experimental lines that it is 
confusing to include it in the figure. It is coincident with the upper 
line of Figure 2 at log NV, = 16, and 0.02 units below this line at 
log NV. = 14. The slight difference in slope may be a real tempera- 
ture effect but is less than the estimated experimental uncertainties. 
Equation (3) with V = 2N, can be written 


log N. = 22.96 — 7.5 log mm . (4) 


3 Proc. Phys. Math. Soc. (Japan), 16, 254, 1934. 4M.N., 98, 694, 1938. 
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A line of this slope but coincident with the upper experimental line 
at log NV. = 15 gives 


log VN. = 23.06 — 7.5 log tn. (5) 


Equation (5) will be used to estimate electron pressures in stellar 
atmospheres. The electron pressure in atmospheres is 


r.35 X 10°" TX, 


or 


log Pe = 1.19 + log T — 7.5 log m, . (6) 


The electron concentration in stellar atmospheres covers nearly the 
range of Figure 2, and the temperature is roughly twice the tempera- 
ture used in laboratory experiments. This will somewhat exceed the 
critical temperature 10°/”,,, with the result that the effective ion 
concentration is somewhat less than 2N,. The error is not serious, 
for the number of lines in a series gives necessarily an insensitive 
measurement of V,. An experimental uncertainty of at least 20 and 
probably of 40 per cent in the absolute values of NV, is to be expected. 


IV. APPLICATION TO STELLAR SPECTRA 


Pannekoek has used his computed curves of intensity distribution 
near the Balmer limit to estimate the electron pressure in the solar 
chromosphere, and the results are in satisfactory agreement with 
estimates by Menzel and Cillié made on the basis of the intensity of 
the continuous spectrum.° 

Sugita has used his theoretical relations to estimate electron pres- 
sures in some class A and B stars on the basis of the number of ab- 
sorption lines in the Balmer series as measured by Ching Sung Yii.° 
These values tend to be higher than estimates based on other con- 
siderations. This comes in part from the errors in his approxima- 
tions, but the method can only set an upper limit to the electron 
pressure. Instrumental resolution, Doppler effects from thermal agi- 


SAp. J., 85, 88, 1937. 6 Lick Obs. Bull., No. 422, 1930. 
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tation and stellar rotation, and pressure broadening from neutral 
atoms will all tend to make the computed pressure too high. 

Some high-dispersion stellar spectra published by Merrill and 
Wilson’ reduce observational uncertainties toa minimum. They give 
quantitative intensity measurements for the Balmer and the Paschen 
series of five stars. In Figure 3 their data for the intensity ratio of 
background to absorption line have been plotted against ” on a 
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Fic. 3.—Relative intensity of background to line versus quantum number on a log 
scale for stellar absorption spectra. Above: Paschen series; below: Balmer series. 
1: a Leonis; 2: a Canis Majoris; 3: a Lyrae; 4: 8 Orionis; 5: a Cygni. 


logarithmic scale. The plots are strikingly similar to the plots of 
Figure 1 for caesium emission spectra in spite of the fact that the 
physical significance of the ordinates is quite different in the two 
cases. The intercepts of these plots should give values of 7,, directly 
comparable with values from the caesium emission spectrum. For 
some series the intensity data are incomplete, but in all cases the 
intercepts of Figure 3 agree within a unit with the estimates given by 
Merrill and Wilson for the ends of the series. Figure 3 shows that the 
contrast between line and background is much smaller in the 


7Ap. J., 80, 1, 1934. 
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Paschen series than in the Balmer series, but this does not necessarily 
make 1,, less. 

Table 1 lists the stars, their spectral types and temperatures, the 
values of v, from Figure 3 and the values of P, obtained from 
equation (6). The significance of P, requires consideration. At a 
given wave length the light comes from an effective depth in the 
stellar atmosphere which depends upon the opacity of the atmos- 
phere at that wave length. Values of P, derived from the number of 


TABLE 1 


ELECTRON PRESSURES IN STELLAR ATMOSPHERES 











nm Pe (ATMOSPHERES) 
STAR Ciass | Temp.* ens 
Balmer | Paschen 3050 A 8200A 4340 A 
a Can Maj.; Ao 9400°} 18.6 17.5 | 0.42X10-4| 0.69X1074| 1.8X1074 
a Lyrae... Ao Q400 20 17.5 | 0.26X10 4] 0.69X10 4] 1.8X104 
a Cygni... cA2 8450 30 28.5 | 1.1 KIO] £.6 Kio %t 4. EX 10° 
6 Orionis. cB8 10000 23.6 20° OF oSck Solo" | 5.5 Kaolin TIC TO 
aLeonis....| B8n | 10000 r6:7 On| Sorte aeene $ 


























* Payne, The Stars of High Luminosity (‘‘Harvard Obs. Monographs,’’ No. 3), 1930. 


lines in the Balmer and the Paschen series pertain to the electron 
pressures at the photosphere at or near the Balmer and the Paschen 
limits, respectively. In an isothermal hydrogen atmosphere the total 
pressure will vary inversely as the absorption coefficient, and by 
Saha’s equation the electron pressure will be inversely proportional 
to the square root of the absorption coefficient. 

Russell® has given a detailed analysis of stellar opacity assuming 
that opacity comes entirely from Grenz-Continua and from the ab- 
sorption of free electrons and ions. He has derived values for the 
electron pressure at the photosphere near 4340 A. Between the 
Paschen limit and 4340 A the electron pressure is assumed to vary 
inversely as the 3/2 power of the wave length. Hence, 


P. (4340 A) = 2.6 P. (8200 A). (7) 


The last column of Table 1 is computed on this basis. Russell’s 
theory gives a value of P, = 0.8 X 10-4 At. for main-sequence Ao 


8 Ap. J., 78, 295, 1933- 
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stars. This is to be compared with the value of 1.8 X 1074 At. for 
both a Canis Majoris and a Lyrae. 

The difference between values of P, for the Balmer and the 
Paschen limits depends upon the difference in opacity at the two 
limits. Assuming that the absorption comes entirely from the two 
Grenz-Continua, Gaunt’s absorption equation’ and the Boltzmann 
equation give the relation 


P2(8200) — 
a = felis —EdNT 8 
P3(3650) 2" (8) 


where E, and E, are the energies of the second and third states. 
Equation (8) gives the electron pressure at the Paschen limit as 
1.7 times the pressure at the Balmer limit at g400° K, while Table 
1 gives the ratios as 1.6 and 2.7 for a Canis Majoris and a Lyrae, 
respectively. The effect of continuous absorption from infrared 
series and free-free transitions is to reduce the ratio of P.(8200)/P. 
(3650), and except for the case of a Leonis the observed ratios are 
in the range to be expected. 

The c stars are supergiants of very low density and surface grav- 
ity. The electron pressure varies as the square root of the surface 
gravity for an ideal isothermal atmosphere, and on the basis of the 
data of Table 1 the surface gravity of a Cygni is 1/1600 that of a 
Canis Majoris. On other grounds the surface gravity of a Cygni has 
been estimated to be about 1/300 that of a main-sequence star." 
In stars of class n all the lines are diffuse, and Doppler effect from 
stellar rotation is recognized as a probable cause of this.’ If there is 
rotational broadening, the number of lines in a series does not give 
directly the electron pressure in class n stars. Because the Doppler 
width in frequency units is proportional to the frequency, the num- 
ber of lines in the Paschen series will be less affected by Doppler 
effect than those in the Balmer series. The observational results for 
a Leonis can be explained if it is assumed that the equatorial velocity 
in the line of sight is 180 km/sec and that the ionization broadening 
is the same as for the class c supergiant 8 Orionis. This is not a 

9 Proc. R. Soc., 126A, 654, 1929. 

” Payne, The Stars of High Luminosity (“Harvard Obs. Monographs,” No. 3), 
1930. 

't Rosseland, Theoretical Astrophysics, Oxford, 1936. 
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unique solution, but a velocity less than 180 km/sec cannot explain 
the observed difference in 7,, for the Balmer and the Paschen series, 
while a velocity much greater than 180 km/sec would be quite 
exceptional and would also imply that the intrinsic line-width was 
unusually small. 

The white dwarfs have very wide Balmer lines, and random Stark 
effect is recognized as the probable cause.” The spectrum of 4o 
Eridani B (class Ao) shows H¢ distinctly while Hy is doubtful, so 
that 7,, is about 9. Equation (6) gives the electron pressure 1.1 X 
10” At., or about 260 times the pressure at the Balmer limit for 
Sirius. 

On the basis of estimates quoted by Russell, Dugan, and Stewart's 
for the mass and radius of Sirius and of 4o Eridani B, the ratio of 
electron pressures would be 43, assuming that the mass absorption 
coefficients of the atmospheres are the same. In the spectrum of the 
dwarf van Maanen 1166 (class F),'4 the Balmer lines are more 
diffuse, but the end of the series is at nearly the same point, in- 
dicating that P, is not much greater. Data quoted by Russell, Du- 
gan, and Stewart indicate that P, is 63 times that of Sirius. The 
spectrum’ of Ci. 20 No. 398 (class A) is very similar to 40 Eridani 
B, except that the Balmer series ends near n = 8. This gives a value 
for P, of about 2.6 X 107? At. 

The number of lines in the Paschen and Balmer series offers a 
very direct but somewhat insensitive measure of the electron pres- 
sure at the photosphere of A and B stars. Results give values rang- 
ing from 1.1 X 10~° At. for the supergiant a Cygni to 2.6 X 10? At. 
for the dwarf Ci 20 No. 398. The results are in all cases of the mag- 
nitude to be expected but cover a somewhat wider range than esti- 
mates based on other methods. However, all comparisons with 
other data involve simplifying assumptions as to the nature of 
stellar opacity and give in no case a direct check of the method. 

NATIONAL BUREAU OF STANDARDS 
June 13, 1939 
1 Pannekoek and Verwey, Proc. K. Acad. v. Wetens. Amsterdam, 38, 479, 1935. 


"3 Astronomy, 2, 740, Boston, 1927. 
4 Ohman, M.N., 92, 71, 1931; this paper includes also a densitometer tracing of the 


spectrum of 4o Eridani B. 
S Asklof and Ramberg, Arkiv Mat. Astron. och Fysik, 26, B8, 1938. 











IONIC DEPRESSION OF SERIES LIMITS 
IN ONE-ELECTRON SPECTRA 


D. R. INGLIS AND E. TELLER 


ABSTRACT 

The effect of ionization of the surrounding atmosphere in broadening the high- 
series terms of the alkali spectra so that they form a continuum down to a quantum 
number 2, is discussed theoretically. It is shown that the ion density is proportional 
to n-7-5, The effect of the mobility of the electrons is investigated. 

It is observed both in stellar atmospheres and in the laboratory, 
under conditions involving high density of ions, that the series limits 
of hydrogen-like spectra are depressed, the spectrum remaining nor- 
mal up to a certain quantum number, after which the lines quite 
suddenly merge into a continuum.’ The quantum number of the 
last discrete level is known to be a function of ion density. Compari- 
son of laboratory and astrophysical observations may be used as a 
means of determining stellar ion densities. For this purpose it is, 
however, imperative that the possible variation of the phenomenon 
with temperature, as well as with ion density, be understood. 

The problem has been attacked by several authors,?*4 among 
whom Sugita has pointed out explicitly the superposition of the 
Stark effect of the (heavy) ions and the short-life broadening or 
collision broadening due to the bombardment of the more mobile 
electrons. His treatment of the Stark effect was, however, based 
on Kudar’s simplified consideration of the possibility of an electron 
merely spilling over the top of the potential barrier formed by the 
atomic and external fields. And the treatment of electron bombard- 
ment used much too small a collision cross-section, namely, the area 
of the atomic orbit. His conclusion that the Stark effect is more 
important than the collision effect is, however, quite correct, as will 
be shown hereinafter. 

' F. L. Mohler, preceding paper. We are indebted to Dr. Mohler for informing us of 
this problem while reporting his experiments and for a critical reading of the manu- 
script. 

7H. P. Robertson and J. M. Dewey, Phys. Rev., 31, 973, 1928. 

3M. Sugita, Proc. Phys. Math. Soc. (Japan), 16, 254, 1934. 

4A. Pannekoek, M.N., 98, 694, 1938. 
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Pannekoek has treated the termination of the series in the hydro- 
gen spectrum as due to a merging of the lines broadened by the 
Stark effect. His very thorough calculations seem to us to take into 
account the essential reasons for the termination, and his results 
do indeed agree satisfactorily with experiment. His discussion does 
not include, however, collision broadening. It is, therefore, not quite 
clear whether the free electrons cause a broadening in the same way 
as do the heavy ions or whether they act primarily through a colli- 
sion mechanism. In addition, in order to facilitate direct comparison 
with laboratory experiments, it seems desirable to extend the treat- 
ment to include the hydrogen-like spectra also. 


ESTIMATE OF THE STARK EFFECT 
Since we shall be interested in the region of high principal quan- 
tum numbers (” ~ 20), the correspondence principle allows the con- 
cept of electron orbits, and our treatment is partly classical. The 
radius (or, more strictly, the semimajor-axis) of the orbit is 


a = np, do = 0.53 10 cm, (1) 


and the energy (in a coulomb field) is 


The separations of the higher states become very small: 


AE = — (3) 
The perturbation energy (first-order Stark effect) of an external 
field F is of course equal in order of magnitude to aeF. A better 
value to use for the maximum displacement (half of the spread) of 
a line is (3/2)aeF, as will be shown by a more quantitative discussion 
below. The field F required to make the lines merge into one another 
may thus be had by putting (3/2)aeF = AE/2, or 


é 


eas a (4) 
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The critical value of » is here seen to be an extremely insensitive 
function of the applied field, so we may expect a rather abrupt ter- 
mination of the series even if the effective field varies considerably, 
as for an atom in an atmosphere of ions. 

The field F produced by a concentration of N singly charged ions 
per cubic centimeter is, in very rough approximation, 


FA eN?, 


where V's has been taken as the distance to the effective ion. 
Holtzmark’ has studied carefully the fluctuations in such a field 
and finds that the most probable value of the field is 


F = 3.7 eN®3, 
Substituting this in equation (4) leads to the approximate relation 
Nn's’? = 0.027a5°. (5) 


This gives the ion density N as a function of the principal (effective) 
quantum number » of the last term observed in the series. 


DISCUSSION OF THE STARK EFFECT 
The Stark effect energy of hydrogen, obtained from a treatment 
by the parabolic co-ordinates best suited to the problem, is® 


e = 2 n(n, - Ny )doeF , Ny, Nz = 0, I, Byte eg ee I. (6) 


The various choices of the electric quantum numbers n, and n, give 
a variation of e between the limits + (3/2)n(m — 1)aeF. The curve 
giving the distribution of states in the energy spectrum is shaped 
like a symmetrical triangular peak, since the number of ways of 
forming the factor (mw, — n,) varies linearly between the limits 
for € = o, and 1 for maximum e. 

The limits of € in (6) may be visualized without the use of parabolic 
co-ordinates by considering the Stark energy as a small perturbation 

5 Phys. Zs., 25, 73, 1924. 


°P. S. Epstein, Phys. Rev., 28, 695, 1926; E. Schrédinger, Ann. d. Phys., 80, 437, 
1926. 
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of the elliptic orbits of the electron. The perturbation is a maximum 
for orbits having their major axes along F. The maximum average 
radius corresponds to the case of rectilinear motion along a radius 
between the limits o and 2a, the speed being v = em™'’?(2/r — 
1/a)'/?. The average radius is, then, ray = {dr(r/v)/fdr/v = (3/2) 
na,.eF, agreeing with equation (6) for large m. Such a simple graphic 
treatment does not give any more of the details of equation (6), 
one reason being that the angular momentum / is not a constant of 
the motion and there are many states with different values of | 
and the same ” which are degenerate in hydrogen and are strongly 
mixed by the perturbation. The energies in equation (6) would be 
the result of a number of rather complicated secular problems, one 
for each m, if we should carry out the perturbation problem using 
the states described by spherical harmonics. 

In the alkali spectra we do not find such complete degeneracy. 
However, states of a given m with / 2 2 are practically degenerate, 
but the s and p levels of that m may be even lower than most of the 
levels with next lower n. These nondegenerate levels will not be 
strongly mixed with the others until the perturbation is of the order 
of magnitude of their separation. We wish to show in the following 
paragraph that the matrix elements responsible for the mixing are 
not greatly affected by the lack of degeneracy. 

Corresponding to the selection rule AJ = +1, there exist non- 
diagonal matrix elements of r cos 6 only between states of adjacent 
values of /. The evaluation of the matrix elements of r depends on 
an integration over r involving the radial-wave functions. The usual 
polynomials for these are rather complicated for large 1 and small 
1. We may, however, think of the wave functions as the result of 
integrating the radial-wave equation inward from infinity. The 
equation contains a centrifugal-force term which depends upon /, 
but which differs very little between states of slightly different /, 
except at values of 7 much smaller than a. Because of the increasing 
curvature for smaller distances, the radial function has its highest 
maximum outside of its first node, in the neighborhood of a. The 
integration depends essentially on the energy. In two degenerate 
states which differ slightly in / the radial functions are practically 
the same throughout the region of large r, which is important in 
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determining a matrix element of 7, and the matrix elements between 
them are about equal to the diagonal elements or to the mean value 
of r. For two states differing in energy the integrations differ at 
large r, which reduces the matrix element of r between them. The 
rate at which this energy difference becomes important may be 
judged by the fact that in hydrogen an energy difference of AE is 
sufficient to make the radial functions orthogonal. The orthogo- 
nality, by introducing cancellation and reducing the integrand in 
magnitude, reduces the matrix element of r considerably. For 
energy differences less than AE the reduction of the matrix element 
of r is essentially quadratic in the energy difference (since it has the 
same sign on both sides of zero). Since a difference AE would not 
quite reduce it to zero, a difference A#/2, such as one might find in 
an alkali atom, would leave a nondiagonal element of r somewhat 
larger than three-fourths of a diagonal element. 

We may consider that a high p-level is separated from the nearest 
degenerate set of levels with larger / by about AE/2, though it 
may happen to be closer. (We consider the nearest degenerate set 
because there is no selection rule for 7.) As long as the p-d non- 
diagonal matrix element of the perturbing energy, Hu, is small, the 
degree of admixture is about Hja/(AE/2). This ratio is a measure 
of the probability of a series transition involving the degenerate set 
of states, in violation of the selection rule which defines the series. 
As the ratio approaches unity, the states of the set become increas- 
ingly involved in the series transitions, and, at the same time, their 
energies are spread out enough to merge with other sets. Similar 
considerations apply to the s-states of the sharp series. The s- and 
p-states may also be displaced by about (H%,)?/(AE/2) by the 
quadratic Stark effect. Here H/, contains the fluctuations of the 
ion field, so this also tends to merge the series lines. Each of these 
effects tends to merge the lines of the sharp and the principal series 
of the alkalis when the Stark perturbation becomes about equal to 
the separation of the levels, and their combined result should be a 
termination of the series which is even more abrupt than in hydro- 
gen. The less abrupt termination of the series in hydrogen and in 
the alkali series of higher angular momentum /7 is due to a broaden- 
ing of the lines below the series limit by the linear Stark effect, which 
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depends on the degeneracy in /. (For an s-state, the perturbation 
might become effective still more abruptly than for a p-state, for 
it is necessary for a p-state to act as an intermediary in mixing it 
with the degenerate states of higher angular momentum, unless the 
inhomogeneity of the ionic field becomes important). Despite the 
more complex mechanism of terminating the series in the alkali 
spectra, equations (4) and (5) remain valid. 


ESTIMATE OF COLLISION BROADENING 


Effect of the close collisions.—In comparing the collision broaden- 
ing’? with the Stark broadening, it is of interest to note that the 
merging of the lines due to Stark effect might have been derived in 
another way. Essentially, we have put the energy due to the dipole 
moment about equal to half of the energy difference AE between 
States, 


eFa = tha, (7) 


where w is the (average) angular speed of the orbit, according to the 
correspondence principle. Instead, we might consider the momen- 
tum. The uncertainty principle gives the momentum difference be- 
tween states as Ap = |Ap| = 4/a. During the time 1/w ~ a/d,, the 
orbital motion is approximately rectilinear, so the increments of 
momentum are additive. If the transfer of momentum during this 
time is as great as }Ap, then it is as likely as not that a transition 
occurs during each cycle, and the states are not stationary. This 
transfer of momentum to the atomic electron is the force times the 
time, so the field necessary to destroy stationary states is given by 


eF ih 
; 8 
a (8) 


Thus, consideration of momentum leads to the same result as does 
consideration of ehergy. 
We employ the transfer of momentum in a similar manner in 
treating the collision broadening. We consider an electron passing 
7 A fundamental discussion of collision broadening has been given recently by L. 
Spitzer, Phys. Rev., 55, 699, 1939. For our present purpose the following qualitative 
considerations seem to be adequate. 
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an atom along a straight line (neglecting the reaction) at a distance 
rand at a speed v. The time during which practically the maximum 
force is effective in transferring momentum to the atomic electron 
is either the ‘‘collision time”’ r/v or the “atomic time” 1/w, whichever 
is the shorter. Here we wish to confine our attention to small-dis- 
tance encounters, defined by the condition that they should each 
cause a transition with practical certainty. For that the collision 
parameter r will have to be less than a value 7,. If the length of the 
encounter is limited by the atomic time, we have, by consideration 
of the momentum, (e?/7r7)/w = h/a, or r, = (av,/w)"’?, where v7, = 
e’?/h = velocity in the first Bohr orbit. The discussion leading to 
equation (8) shows that encounters closer than this r, cause a merg- 
ing of the lines, and it is merely a matter of language whether we 
consider it to be a collision effect or the static Stark effect. 

If the length of the encounter at 7, is limited by the collision time, 
we have (e?/ri) (7,/v) = h/a andr, = av,/v. The collision broaden- 
ing is obtained roughly from the uncertainty principle, «At = h, or 


¢ = h (number of collisions per second) = Nov = hNariv 


mhN a?v2 


Ses (9) 


7) 


v 


The factor v* in 7, means that a decrease of v is favorable for large 
€ in equation (g), down to the point where the collision time is 
equal to the atomic time, or 7,/v = 1/w. The speed most favorable 
to a large collision effect is thus also the critical speed below which 
the electrons cause essentially a static Stark effect. For this speed 
then, 7, = v/w, and also r, = av,/v. This determines the critical v 
for a given ” as 


v = (%aw)*/? = (Un)? , (10) 


where 2, is the velocity in the mth Bohr orbit. For higher velocities 
we may properly speak of a collision broadening. For the case of 
smaller velocities, »v < (v%v,)'/?, the electrons will contribute to the 
merging of the lines through the Stark effect, and one will have to 
substitute for V in equation (5) the total number of electrons plus 
ions, that is, double the number of positive ions under ordinary con- 
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ditions. For higher velocities the collision effect of the electrons by 
itself will decrease with v*, so that for very high velocities the effect 
of the positive ions alone would remain. 

The temperature corresponding to the velocity 7 in equation (10), 
obtained by setting mv?/2~ 3kT/2, is 

T. 

T = as (11) 
where 7, ~ 10° degrees absolute corresponds to v,. This is fulfilled 
by the values m = 20, T = 5000°, for example. This corresponds 
to about the largest value of the product m7 occurring in Mohler’s 
experiments. We see, thus, that the velocity at which the electrons 
start to contribute through the collision effect rather than through 
the Stark effect is actually attained experimentally. 

Effect of the more remote collisions.—Inclusion of the slow en- 
counters in the ion density considered by Holtzmark disposes of 
them for large as well as for small values of the collision parameter 
r, but for fast electrons it is necessary to consider the remote colli- 
sions separately. 

First, we consider those collisions for which r > r, but for which 
the collision time is less than the atomic time. These collisions are 
non-adiabatic and may be treated by time-dependent perturbation 
theory. The time-dependent wave function of the perturbed atom 
may be expressed in terms of the stationary states as 


Y=Wrt+ Saws 5 


where the coefficients a, are slowly varying functions of the time. 
For the non-adiabatic case we have 


= 
dy = 5 Hiv; 


where H;, is a matrix element of the perturbing Stark effect energy. 
Thus, at the end of the collision a, will have the value (i/h)Hjor/v. 


The probability that a transition has occurred is 


(5) Daa. 


ee 
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According to the rule of matrix multiplication, the sum is (H’*)oo, 
for which one may write approximately (ae?/r’)?, making the transi- 
tion probability (ae?/rvh)? = (avo/rv)?. 

For collisions at still greater distances, for which the atomic time 
is greater than the collision time, we may use the adiabatic approxi- 
mation. The energy of a state is associated with a time wave, the 
phase of which is shifted by an amount 6 = (€/h)t = (€/h) r/v by 
a collision, where we may consider ¢€ as ae?/r’, due to linear Stark 
effect. If the time wave was e™ before a collision, it becomes 
eit) ~ ei (7 + 16), for 5 <<< 1. Here ide’ can be interpreted 
as the new wave caused by the collision which is out of phase with 
the original wave. Since 6 is the amplitude of this wave, 6 = 
(av,/rv)? corresponds to a transition probability. This is the same 
as the transition probability in the non-adiabatic case. 

The number of collisions per second between r and r + dr is 
2aNovrdr, and they cause (27Na’v3/v(dr/r) transitions per second. 
Considering the broadening effect of the most remote collisions, we 
must, however, take into account the fact that the cancellation of 
fields of the various electrons will render the collisions ineffective 
for values of the collision parameter greater than some value fn. 
It is probably sufficient to determine 7,, by the requirement that 
only one collision with r < 7,, (lasting a time r/v) shall be in progress, 
in the average, at any instant. This givesr,, = (7N)~*/3. Integrat- 
ing from 7, to rm and adding to equation (9), we have the approxi- 
mate collision broadening, for large 2, 


= TAN (at)? coe) (1 + 2ln c=) : (12) 


Ty 
fo (- 14240) 
We now evaluate this broadening for the case of that line » which 
the Stark effect of the heavy ions is just able to merge into its 
neighbors. According to equation (5), Na’ = .o27n73/?. With w 
= v,/na and with the notation x = v/(v,0,)'/? = n*/?0/v,, we obtain 


.027Thw 
¥ 


e= (1 — 2ln 0.343 + 2lnx) . 
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This has a maximum value €, = .24/w. This is, indeed, consider- 
ably less than the broadening 3/w of this line caused by the Stark 
effect of the heavy ions. 


SUMMARY 


It is found that the principal cause of termination of the series 
is the static Stark effect broadening which merges the lines into one 
another. This confirms the applicability of the detailed calculations 
of this effect made for hydrogen by Pannekoek. 

The quantum number 1 of the line with which the series termi- 
nates may be correlated with the ion density N by the formula 
Nn75 = .027a5°*, where a, is the Bohr radius (eq. [5]). 

This equation may be applied to the alkali spectra as well as to 
hydrogen. The continuum should set in more abruptly in the sharp 
and principal series of the alkalis, the lines near the end of the series 
being less diffuse in these cases. 

For temperatures lower than 10°/m degrees absolute the electrons 
contribute to the broadening through the static Stark effect rather 
than through a collision mechanism. In this case the total number 
of ions, positive and negative, enters equation (5). 

At higher temperatures, the positive ions alone cause static Stark 
effect, the electrons contributing by means of collisions. The colli- 
sion broadening is smaller than would be the Stark effect of the 
same electrons at a lower temperature, the broadening decreasing 
as T*’?, At very high temperature equation (5) applies with V 
representing the positive ions alone. 
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